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FOREWORD

The Laser Physics Branch of the Optical Sciences Division , Naval

Research Laboratory, Washington , D. C., prepared this annual report

on work sponsored by the Defense Advanced Research Projects Agency,

1 DARPA Order 2062. The projects described are also funded by NRL-ONR

research funds. Co-authors of the report were R. Burnham , L. Champagne ,

N. Djeu, J. G. Eden , R. Waynant , S. K. Searles, L. Palumbo , W. Whitney ,

- R. Chang, 1. Finn and W. S. Watt.
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SHORT PULSE KINETICS EXPERIMENTS

1. KrF~ an d HgX* (X = Br, I) Kinetics

In itial fast-photolysis kinetics experiments were reported in

A pril. These experiments covered the measurement of the XeF* (B-X)

l ifetime and quenching rate constants for the important constituents

of XeF laser gas mixtures. Also , l ifetime measurements of KrF* (B-X)

were reported along with the quenchinq rate constant for Xe. This

• 
. 

report concludes the KrF* quenching , describes measurements of life-

times and quenching rate constants for the mercury halides (HgBr and

HgI), and reports the lifetime of the XeF (C-A) transition.

2. ~~~~kP~~Lq~~nc hin~
The experirn t.ital system used to measure the quenching rate con-

stants was shown in the previous report. The technique utilized a 2ns

pulse of 600 keV electrons from a Febetron 706 to excite an ArIF2 m ix-

ture and produce a short burst of ArF* radiation at 193 nm. This

193 nm pulse entered a quartz cell containing KrF 2 va por and photolyzed

the KrF2 producin g KrF*(B) + F . The V ..F*(B) decay is monitored with a

fast photodiode and found to decay with a single exponential lifetime

of 6.8 ns. Since the vapor pressure of KrF2 is kept low and since only

a small amount of KrF 2 is photod i ssoc iated, quenching by the dissocia-

tion products or the parent mo l ecule can be kept to a negligible level .

The rate constants are obta i ned by using a least squares fit to the
Nots’ - Man IIscr lpt AUI)iIIIt t , ’ I I  April ~. I ()7~
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measured rate versus quenching gas density data .

Table I presents the measured rate constants for KrF*. All of the

gases used for these quenching studies play an important role in either

electron-beam-pumped or discharge-pumped KrF lasers . The iriterpreta-

tion of these rate constants are discussed more fully in the accompany-

ing manuscripts published in Appl i ed Physics Letters and the Journal of

Applied Physics.

3. HgX~ Lifetime and Quenching (X = Br, IJ

Because of the recent success in obtaining lasing from the mercury

halide molecules , it was deemed important to investigate the kinetics

of these mol ecules . All of the mercury dihalide molecules are stable

and conriercially available. Reasonable vapor pressures are obtained

by raising the dihalide temperature to the 90 - 150°C range. To

measure the lifetime of these molecules the experiment was modified to

the configuration shown in Fig. 1. The photolyzing light pulse is

generated in a coaxial diode where the gas mixture is contained within

a thin aluminum cylinder and radially excited by the fast Febetron

pulse of electrons. Gas mixtures of Ne:Ar:F2 (2000:400:100 torr) were

used to produce ArE radiation (193 nm) for photodissociation of HgBr2
and Ar:Kr:Cl 2 (2000:200:10 torr) mixtures were used to produce KrC1

radiation (222 nm) for photodissociation of Hg12. With both mixtures

the pulse width was - 2.5 ns FWHM. The pulses were directed into a

Suprasil tube filled with a small amount of HgX2 and enclosed in an

oven. Photodissociation of the HgX2 produced HgX*(B) + X. The fluor-

escence from HgX (B-X) decay passed through a narrowband filter and was

2
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monitored by a fast response photomultipler coupled to a digitizer .

These signals were plotted on a semilog scale and were found to fit a

single exponential decay line . By varying the HgX2 pressure via oven

temperature , HgX lifetimes and the quenching of H9X*(B) by HgX2 were

determined. These lifetimes and rates are given in Table II. Table II

gives values of lifetime of HgCl and quenching of HgCl by HgCl 2 which

were performed in an analogous manner on another electron beam machine

having a somewhat longer pulsewidth. Lifetimes and quenching of HgCl

have not yet been done with the fast Febetron system since the wave-

• - l ength needed to photolyze HgCl 2 will not propagate through air.

Quenching rate constants for a number of important laser gas con-

stituents were measured by fixing the HgX 2 pressure and adding a wide

range of quenching gas pressures. From a least squares fit to the

decay rate versus pressure data , two body quenching rate constants

have been determined for HgBr* and HgI*. These rate constants are

given in Tables III and IV . Of particular concern is the rather large

rate constant determined for quenching of HgBr (B) by Hg (1.3 x lO~~
0

cm3 sec~~). Since Hg is a constituent for laser gas mixtures , con-

siderable quenching losses can result. Further discussions of the

mercury halide kinetics is contained in the reprint from Applied

Physics Letters and in the manuscript submitted to Applied Physics

Letters which follow .

4. Lifetime of the C-A Band of XeF

Considerable interest in the C-A transition in XeF has developed

recently because of both the possibility that gain mi ght be produced

on the transition and the interest that the C level might play in the

3 
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kinetics of the B-X laser transition . Fig. 2 shows the potential

energy diagram 1 of XeF and the close proximity of the B and C level s.

This close proximity raises the possibility of energy transfer from C

to B at elevated temperatures . Modeling of such possibilities re-

quires accurate knowl edge of the C state lifetime .

To measure the C state lifetime a somewhat different experimental

approach was taken than the previous fast photolysis which yielded too

few C state molecules. In this case XeF2 vapor was placed in the

cylindrical center tube of the coaxial diode and dissociated by elec-

tron impact. By using a 460 rim filter (Tmax 
= 35~’~ at - 462 nm;

= 50 rim) to pass only the C-A emission , the fluorescence was

detected , displayed on an oscilloscope , recorded , digitized and plot-

ted on a semilog plot from which a decay time was determined . By

monitoring the change in decay time as XeF 2 pressure was varied from

0.1 - 0.5 Torr, both a measure of the C-A lifetime , 93 ÷ 5 ns , and the

quenching rate constant for XeF (C) due to XeF2, (1.8 + 0.5) lO~~
0

cm3-sec~~, were determ i ned. Using this measured lifetime it was possi-

ble to correct Kligler ’s2 estimated B-C energy defect. The B-C separ-

ation is now estimated to be 610 + 60 cm~ or .076 eV which agrees

with the separation of 0.08 eV measured by Brashears and Setser3.

Further details can be found in the manuscript to be published in the

Journal of Quantum Electronics which follows .

In sumary , fast pulse dissociation of the dihalide molecule s. to

nearly instantaneously produce the excited state halide laser molecule

provides a clear measurement of excited state lifetimes and collisional

quenching rate constants. These measured numbers should allow

4
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realistic modeling of the rare gas and mercury halide lasers .
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XeF (after Dunning and Hay - ref 1)

7

- ~~~~~~~~~ -—~~~~~ — — - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~r - - - _~~~ ______________



— . - - . •

TABLE I.

RATE CONSTANTS FOR QUENCHING
OF KrF(B) BY VARIOUS GASES

Quencher Rate Constant a

He (3 .3±1 .1\ 1O 13 
-

2He ~~1O 33b

Ne (1.6±O .4)xl O ’2
2 N e  <10 - 32 b

Ar (1.8±0 .6) 10 12

2Ar (1.1 ± 0.4) -
x 10 31 b

Kr (8.6 ± O.7) x l O 12

2Kr 9.7±O.8) x 10 .31  b
Xe >i~~~F2 (4 .8 ± 0.3)x1 0~~°
NF 3 (5.2 ± O . 5 )x 1 O_ h 1

e Uflj ts ..... cm3Sec
_ l

bUnht s cm6sec - 1~

8

_________________ 
—:T- -

~~~~~~~



TABLE II.

Radiative lifetimes and di-halide

quenching rate constants for the

mercury halide (B÷X) transitions .

MOLECULE 1 TR(NS) K Q(CM’—SEC ’)

H9CI(B) 22.2 : 1.5 9.2 -10 ”
HgBr ( B) 23.7 1.5 1.7 10 10

Hgl(B) 27.3 2.0 3.6-10 ¶0

9
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TABLE III.

HgBr (B) QUENCHING RATE CONSTANTS

QUENCHE R RATE CONSTANT (CM’ - SEC ’)

He (5.2 ‘ 2.0) - 10 “
Ne (5.3 ‘ 1.8) - 10 “
Ar (7.4 1.5) - 10 ~Xe (3.7 - 0.3) 10 12

Hg (1.3 * 0.8) 10 ‘~~

N2 (4.4 0.5) - 10 12

Br, (5.5 0.3) - 10 ‘°
HBr (2.0 0.4) 10 ‘°

Ch 3Br (3.9 * 0.4) 10 ¶0

CC12Br 2 (4.3 0.4) 10 10

10
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TABLE IV .

HgI(B) QUENCHING RATE CONSTANTS

QUENCHER RATE CONSTANTS (CM3-SEC ’)

Ar (3.3 - 1.5) - 10”
Xe (7.1 ± 0.8) - 10 “
Hg <3 - 10 ”
N, (1.1 t 0.2) - 10 ~2

HI (1.0 0.2) . 10 ¶ 0

CF,I (2.9 • 0.3) 10 10

11
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New quenching rates applicabl e to the KrF laser’~
J. G. Eden, FL W. Wayn arit , S. K. Searles, and R. Burn ham
Lgse, Physics Brw,c& Opt ical Sciences Di,jOSOIL Naval Research Labaear oiy. WashIngton, D.C ZOi7S(Receiv ed 30 january 1978 , accepted for publicatioqi 23 March 1978)

Photolyso of Kr1~ has been used to measure the rEm of co llis ional quench ing of KrF(R) e,cin,ers in two-
and three-body collisionn with Ar , Kr . and F,. In addition , the KrF($—.X) band radiative lifetime was
determined to be 68* 0 ,2  no. The results are in good agreement willi c h u b ;  theory and demonstrate the
Importance of quenchin g 10 KrF laser performance.

PAcS numbers 42.55 Hq. 34 50. —n. 3l.50. +w , 82 50.E,

Recent pro gress in the development of the KrF uv row -ba ndpass t itte r (T~~ 2l~~ at 249 nm; FWHM = 4 . 5laser has included Improvements tt ~ it s outpu t powe r , n m) and a fast-rise-tim e (— 0. 5 ns) S-5 biplanar photo -efft cienc y, ’ linewtdtts , and spat ial quality of the beam . ’ diode. Emissio n waveforms wer e recorded using aSince quenching of the laser ’s uppe r state impose s Tektro ~ i.x 7904 oscilloscope and later digitized b y com-limitations on satur ation intensity and gas mixture corn - puter for data analysis.
position , knowledge of fund amental collisional rate con-

The Kr F 2 used tn thes e experiments was synthes izedstants for the KrF (B)  exct mer will  be re quired to fully
according to the t echnique described by St ivnik andexploit the prope rties of tins molecule as a source of
co-workers.  Contr ol of the K r F , vap or pressure a-asiSV Stimulated emission.r - achieved using a dry ice—ethanol bat h. Roughly 0.5The rates of quenching of the KrF( B )  state by Ar , Kr , Torr K rF , pressure was maintained in the absorptionand F , and the radi ative lifetime of the kr F(B — X )  band tube by keeping the bath- cooled K rF , reservoir atrep orted here were determined ut i l iz ing pu lsed uv T- — 4 4 t .  During the experime nts , a capacitan cer photol ysis of Kr F , at 193 nm . Absorption of a 193-nm manometer record ed the pressure of the KrF , -d iluent( A r F I B — X ) ) i’ 1 photon by K rF , results in the immed iate mixture (lowing through the ph otolyt ic cell. The rarecollisionless dissociation of the molecule , yielding a gases and fluori ne used in this  work wer e of researchKr F (B) excimer.  Therefore , monitoring th e exponen- and technical (97~~) grad es , respectively, and pass iva-t ial decay of the B-state population (I n the presen ce of tion of both the absorp t ion tube and Ar ’F , cell wasthe desired diluent gas) afford s a dire ct and accurate found to be essential for rep eatable results .method of measuri ng the KrF excimer ’s rates of

quenching by Ar , Kr and F ,. Strong ph oto lytic B — A  fluore scence at 249 nm was
obtained with a few tenths of a Torr K rF , in the System .The experimental apparatus used to photolyze Kr F , Signals ( I )  we re observed to decay expo nentially ove ris shown schematic ally in Fig. 1. A 3-ns FWHM beam several e-t ot d ir tgs and (2) occurred o,iI~ when both Arof 600-keV electron s from a Febetron 706 generator and F , were present in th e excitation cell and K r F ,penetrated a 25 - ti m- thick Ti foil and irradiated a 99.5~( was ~losIflg thro ugh the quart z tube . (The rapid disso-Ar . ’O . 5~ F , (total pressure a 2000 Torr ) gas mixture . clation of K rF , prevented the use of static gas m ix -The fluorescence fr om this electron -beam -exci led ture s as was possible with XeF 1. ’) These observat ionsplasma , viewed longitudinal ly through a sapph ire indicate that the photolytic process was indeed thewindow (cutoff 145 nm) by a Seya-Namiok a vacuum

spectrogra pt i in first order and Kodak vuv 101-01 film , 
•was found to consist solel y of the A r F ( B — X )  band , 

-. 
* 

LO,..
n

~ ~0~ 
-centered at 193 nm and of = 1 . 4  nm FWHM. No F~ (158 v, 

~~~~~~~ 
.-, - ~~~~~~~ 

.

.

n m)’ or Ar ,F~ (290 nm ) 5 emission was observ ed. Pho - . -- - ~ I
tod iode studies revealed that the ArF emission pulse . 

~~ 
• 

~~
- ~~

was charact erized by a 3-ns FWHM and an exponential - 
,, ,

~ •, -
decay t ime of 2 . 5 n s .

After  entering the (usçd s i l ica  absor ption tube , the
193-nm radiation photolyzed a fraction of the K rF , -

molecules In the K rF ,~~ t luent flow , forming Kr F (B )
excimers . The subsequent rad iative decay of th e Kr F ~population at 249 n m was monitored axially by a nar-
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  FR ; . 1. Schemat ic diagr am of thr pliotnlytlc apparttu s. The

~spr ssIl tube in ‘paled to the nta inl eas-a tee l Ar/F, cell using
~~~ rk suNsir~ -*i in part by DARPA . O-r thga and copoer gasket s no

733 Ap~,I Phyt Lo u 3 2 ( 11 . I June 1978 
~~ 3 6951/78/3211 0733400 50 C 1978 Ameq,ce, Institute of Phyiicn 733
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Ft C.. 4, Va ri a t i u u n of with (Ar ) .  E xperimenta l difficulties In FIG . 5. Ptot of decay constant versus t~ pressure , ‘The slope
mix ing KrF 2 with Ar prevented the study of higher Ar of the solid line yield s the rate of two-body quench ing of KrF ’
pressures. by F2.

not been previously measured and yet Is one of the digitizing the data and C. Mu llins and D. Epp for
main sources of K rF ’ quench ing in electron-beam - technical assistance.
pumped Ar/K r /F 2 gas mixtures. For example , for a
typical mixture composition of 95~ Ar / ’4. 8~ Kr/0. 7%
F 2 (total pressure 2100 Torr),  collisional deactivation 1G.C. Tisone , A , K. Hay s, and J . M . Hoffman , Opt. Commun .
01 K r F( B) by two-bod y collisions with Ar accounts for ~~ ~~~ h591S)~ J . M , lho ffman , A .K , Hays , and G.C . Ttsone ,

lfl of the total quenching loss , thre e -body Ar colli- Appt . Phys . Lett. 28 , 538 (1976).
i L F. Champagne, 30th Gaseous Electronics Conference,sions are responsible for 66’~ , F 2 for 1I~1,  arid all Ph to Alto , Calif ., 1975 , Paper CA-S (unpublIshed) , R .

Kr collisions for 6~~. Thus , coUlsiona l quenching of Bu rnha m and N. DJeu , Appi , Pttys. I,ett. 29, 707 (197 6).
Kr F excimers b y Ar greatly exceeds that of the other 33, Goldha r and J . R , Murray, Opt . Lett . 1, 199 0977) .
gas constituents and It is quite possible that replacing 4C .A . Brau said 3,3. Ewing , 3. Chem . Phys. 63. 4640 (1975);

vacuum ultravIolet radiation from A r Ct ( B —X b it 175 aimargon by neon will result In a significant improvement was originally tried as a photolytic sourc e of KrF (Bl
in laser performance as It has for the XeF laser. ~~~ molecu les but s-beam excitation of Ar/ Cl 2 gas mixture s
From the measured quenching rates and letting a~~r also produces C12 ( E — B)  flu orescence at 258 nm This

= 5.75 * 10.24 cm z s.i (Ref.  161, the saturation intensity latter continuum tell within the bandpass of the detection

of the KrF laser , given the gas mixture  mentioned filte r , interfering w i th  the destred KrF emission at 249 nm .

above , is 2.6 M W c m ’. In the absence of stimulated Therefore , although ArF ’ was f ound to produce weaker
KrF ’ emluston than dId ArCI ’, it wa s necessary to use the

emission , a Kr F(B)  excimer  has an effective l i fe t ime 195-nm radiator to utmp l t fy  the experiment and data
of 1.5 ns. interpretation.

‘J . K .  Rice , A . K . Hay s, and J . R . Woodworth , Appt . Phys.Finally,  p re l iminary  measurements of the quenching 
~~~~ 31, 31 (1977).

rate of KrF (B)  by He give a two-bod y rate of s3  x 10’~~ 6J. A. Mangano, J, H . Ja cob, M . Roluil , and A. I iaw r yluk ,
cm i s t , indicating that the rate constants reported in AppI. Phy s. Lett, 31, 26 (1977) .
this pape r are not products of vibrational quenchi ng of ‘S . Slivai lk , A . Smalc , K , Luta r, B. Zemva , and B. rr tec ,

S. Fluorine (‘hem. 5, 273 (1975) .the B-state manifold. That is , A r F  photol ytic  disso- 6.10 Eden and LW . Waynant , Opt. Lett. 2, 15 11978).
ciation of KrF 2 appears to produce only low vibrational ‘J.G. Eden and E .W . Waynant , J. Chem . Phys . (to be
levels of the KrF(B)  state. published).

ts R. Burnhsm and S. K. Searles , J.  Chem . Phys. 67 , 596 7In summary, the KrF (B .V) radiative lifetime and
the two- and three-bod y collisional quenching rates of ‘t T. H. Dunning, Jr . and P.S. (t ay~ AppI . Phys. Left . 28,
K rF (B) by Kr , Ar , and F 2 have been measured by 649 (1976) .
photolyzing KrF 2 in the presence of the desired d i luent  “P.S. Hay and T. II . Dunn ing , Jr . ,  J . (‘hem . Phys. 66 , 1306

and monitoring the resul t ing  B —  X radiation at 249 (1977).
il M.flokn i . J .H. Jacob, and J . A. M angano , Phys. Rev . A 18,r im.  The results are In good agreement with theory and 221 6 (1977).

demonstrate the imp ortant  role of excimer quenching ‘4 V ,H. ShuI , Appl . Phy s. Left . 31, 50 (1977).
In determining the laser ’s sat uration intensity and power iS L . F. Champagne and N. W . Ha rris , AppI . Phya . Left. 31,
load i ng of the mir rors  fo rm ing  the optical cavity.  513 (1977) .

ilA , M. Hawry luk , J, A~ Mangano , and J. H. Jscob , AppI .
The authors wish to thank L .J .  Palumbo for aid kn Phys. Left . 31, 164 (1977).
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KrF(B) quenching by He, Ne, Xe, and NF~
J. G. Eden, A W . Waynant , S. K. Searies , and ft Burnham
Laser Physi~’u Brønt-h, “so ul RestartS I ,j b, rur, ,r . Wa,iunpii,n. 1) C 2~i$ ‘S

l Recei sed April 14 i1 . assep ied (‘i puh iieaiu on 5 J une 1978)

fl ash ph,ii ,ui  s s ,u ,,f K i t - ui 103 no, has hero ui,iuzed iou dureci t s  measure he qsIo ’uuh in 8  rut,’ Cossianis , ,1
KrF) B) moiec-ule, N, He Sc . .~~r . and SF - l ,uoesiu g aiuo n ouf he i s r g e  r u le  counsiani i ,ueasi or ed for he
Kr Ft A t  • Xc reaciio n I 10 - cm ’ sec I senfued he XeF ) 8 1  sla t e  in he 4 pr is) 0

PACS sumbers 1150 , a . 32 51) o d , M2 Sll I u . $~~2O P,u,

I. INTRODUCTION or cen cethr oug has app h i r e w t n d o w (~~~,,,11 -. l4 5n m ) . T h e
Expe r iments o f lhepa st  year ha sccon firm ed the t mpor .  ‘spectr al l ’Wl-IM shown in Fig 2 is  - 1.2 nm which con-c-

taflce of exci p lex quenching on XeF and K rF laser perfor . sponds i i  .i F — 320cm Using a so i l j r  blind ph otodicide. the
mance . - Collisional losses due to formati on of rare gas — .-S.rF emIssion pulse sa-, found to closely follow the d cc-

fluonde trimers ( R -F . R = Xe. Kr ) or R F(C) state mole- Iron-bea m current

cules ha v e been proposed lo account for lhe reported As menlioned in Ref. 10 . the Kr F used in lFesc expert -
quenching rates which , in t urn . are responsible for laser mis -  meni s was ssn ihes i,ed a cc o rd ing  to ihe technique descnbed
lure restr ictions and require large circulat ing powers in ihe b y Sl i sn ik  ‘i ~,I -- The KrF , crystals were contained in a Py-
opt ical cavity. For example, argo n was commonh used as rex s-essel which  in t u r n  was immersed in a dry-ice--alcohol
the diluent in c-beam-pumped XeF lase r mix tures  un t i l  the bath M i x i n g  of the desired quenching gas with the KrF ,
discovery of the superior quenching ’ and optical absorption ’ sapo r was accomp li sh ed by flowing the gas over the crystals
charac teristics of neon. The possibility of a similar situat ion as shown in Fig. I - The K rF , capo r pressure was main la ined
existing for the KrF laser prompted the exp erimental work ai ~ 0.5 Torr in ihese experiments hs keep ing th e dry-ice -
described below, alcohol ba lh al 7’— —44 ‘C Diluen t was then added to raise

For KrF , t he rates of quenching of KrF (B )  molecules the tolal flow pressure (measured h~ a capacita nce mano-
by Ar , Kr . and F5 ‘ ‘ “ and t he radiative lifetime of the 8 meter) to the desired s-a lue . Al lhough impros -ements have
state ° l I  have been measured prev iously. This paper de- been made in the flow system. ” gas nosing diffic ulties pre-
scribes the direct n ,easure rn ent of the deactis ation rates of Vented study of di luent pressures in excess of 1000 Torr . All
K r F(B ) molecules hs I-I c, Ne. Xe , and NF ,.  using pulsed uv gas-handling lines were 6-mm o.d . Teflon tubing Also , flo w-

photol ysis of Kr F ,  Two obs- iou s advantages of th is  experi- ing KrF, sapo r throug h the quar tz  tube for several minutes
mental technique are ( I )  quen ching of the K rF escip lex pop- prior t o the expe r imen is ss as found to be important for ob-
ulation by electr on impact can be ignored ” and ( 2 )  ihe ear- ta m ing repealable results Details of the quart z absorp lion
ious quenching aloms or molecules of I nt e rest nia~ be t ube and Ar/F , p hoto ly t ic cell has -c been published in a re-
studied indep endently of one another cent paper. ’

Mos t of the rates reported here have been measu red for Subsequent to absorbing a I Q3-nm photon , a KrF mol-
the first time. Add itional obsers at ions suggest that quench- ecule dissociates . ° ”  cr eating a KrF(R lexciple s by the colli-

ing of KrF(B ) by Xe results in the formation of XeF(D ) mol- sionless process

ecules followed by collisional or radiative transfer to the 8
State of XeF.

Section Il discusses the experimental  t echnique  and ‘“~~~

da ta analysis used in this t n s c - .ii gat ion , while Sec I l l  pre. 
n i u s  -

senls ihe results for the quenchers mentioned above. Deacti- - - ii - -. -
vation of KrF(B ) by Xe and K r F ( R )  .XeF exc i ta lto n  ‘ • — ‘ - - -~ 

— 0’ OS 0 ’  , ‘S -

transfer are discussed in Sec. IV and , (m al ls , Sec V resiess ’s ‘° ‘°° “ J.,’ -
the conclusions of this  siudy ~~ ‘ s..~ ,us 

—
_ - 

- -

II. EXPERIMENTAL TECHNIQUE AND DATA - °

~~~~

°“ *

ANALYSIS ~, ~~~~ ~~,- T

A schematic diagram iu f the  experimental  apparatus ‘
~~‘ I -

used to phot olyze K r F , - is shown in Fig. I I3rie fl~ , 0 0 2 
- 

- 
- 
‘~‘ -

ArF (B - - K )  emission from elect r on-beam-irradia ied Ai ‘ I  - ‘
gas mixture s  (Q9 5~~ Ar/0 5’~- I - p . ,  2 000 r u i rr )  p h oiit- -. ,o.. ru ,
l yzed K r l -  molecule- , in a Kr F . -d i l ucni  sirean i f l iu wing  

0 . , ’~ 
- . •ao cuou’ “. ~s

lhro ug h a Suprasil  (Vt ’s’  qua l t iy )  quar t z  lube  A Se\-a- -‘ ‘ ‘ 0 . ~~~ , 5 .  - oo~n Sl2  a pa ’ .. i so’ ,

N amioka sacuum spectrograp h ( in  first  order) recorded the
- Ft ( i  I i’ar , , a i  ss Sr n t at ,c ,u .,n, ’t th e  eo~wninenual appar alus used is’ArF emission sp ec irunt ‘s hown in 1-ig 2 b y view in g the  f lu .  pii ’ioisselsti - .indmcas u rc uui’s ’tqoo ’nc hi ng i f K r l - l 8 ) i r s  s d r t . ’ i g , is s-s

t ) etau ls cul t he , ‘n siructu, ,t ,  ,,( th e q u o  z absorpluon ti the an ti ic - - F p h i t .
‘ ‘A  ‘ok ~uppnr ied in part  N, t )A K 1° -ic s t  ~ef l  are gi ‘ii in Re1 10

5568 3 App) PPiy~ 4 t  in. November 197$ 5368

15

- - -~~--- ,-  ~~~~~~~~~~~~~ .~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

=.‘—~ --‘

















I i  I i  i t  ii 1 , 5 5 1  c I I  t i  - ‘, “s I ,  “I l i l t , I Mi c ”si (  ‘s, 0 5 0  QI I ’ . ‘V i i  2 , i i  t i N  I A k ’i I v  ‘9

Quantum Electronics Letters

Spontaneous Emission Lifetime of the C - ‘A  Band of the XeF Molecule

R .  W W A Y 1 ’ c A ’~T s _ u i ,  J I, ,  h i l l

4bcr,oc l The , ac t c i t i c e  I r k i i nc e  ou t lir e hI_ce C - 4 t , c n s r t , s m n  of Xe)) - ‘ -7 - - -
has hc~~fl meac c,, t c,J to be 9) r 5 ni l’y nmuun i rc s r mn g  the esponen iiall y
d e c a y  m g  460 nm e , , , c , c u , m n  fc ctlo ccing rap id ek c’it on mm jsa ’ s i  d msno ciiali on
m u b  XeF~ B y c a t y  ,ng the \~ i j ’ a , i u -ai js uc ’ sscc rr , ihe r ai e t m u n *tln ( fix
qime n o hi mug cut Xe1° IC)  h s ~ c’I- o t t o .  deicm , rci n ed t~- he 1 1 . 8  r 0.5) -

to m t a ’i 
- F , n a i I_ .  I,mc c,c,i, ’cI ge cut t h e Xe)) R and C , t a i e  i rt eic m ea I

~ m m ’Ids i •iiousc-d o ,ai u c ,, f 1,1 0 - 1,0 cm ‘ ‘u,, th e 8 i u u  C m r a r e  energy

TUE C ° .i’s I t ~c i s - c  c i t  a ‘‘b , u i ~ d , sr t ss ,t i t h s - , i , i n n c n i c s c l t c  iii \eF
‘s ct i uc r e d  ne.i r 450 tim ” ( I )  f i r s t  re p in ed in ( u ~~’5 )-~si~

re ce ssed l i t t l e  a t t e n t i o n  due t o m the band s h I S  u t e n s i l )  and icc - 

1’ 1t he uflCCthautnh ~ ,ii its m d e n t u i y  R e c e n t l y ,  hcm w e n e i . lhi s u rn-  -

t i n uum was shown t i  i , s l O i i i , 5 I C  fr ons the C sl at e  ( 2 1 of XeF (3 J
and . a l t h tmu gh th e csr el ic a l  calcu la tions s I t s- g u u t  t h a t  ih e  B m d  C ‘

I
s t a les  ate ad jacen t  I , ’  cu r i e  ,c , u , ’t h u c t  in c c l c ’ m f ~ ac i d n t c t e t s e c l  ai - -

small i n t e r n u c l e a r  t a d i d  14 1,  t h e e ’ s  ‘ “ ‘ t i ,  i n ,,! r c ’ s i i f t s c t f  K l u g ler
and co - w orke r s  I S )  j ccd I i tj sh e~ r s mi ,)  Setser (6 1 ~h .  ‘so t h a t  ‘ — -

the C st a le  ( p S t - i u , t l .d t u l S  at  i t s  e q u t h l h i m u m  r , ,  I ,  us R~ I lies
“— “130 c_rn het ccw t h e  B level tO~ I I_ _ c ‘ i _ c l u ‘ , - to I c m l  I i . , c - - ’  I 5 - i  - - ‘ - ‘ - u r r , - ’ Ic - - , t o ’  - i c

Scv er a l  X eF u ser e x p e r s i n e t s u s  - ‘c t , l i c _  i t - t i  in li ce last y ea r  C - 4 cf ’ l c j t - 5  ~n,l R - I ‘ s l ’ s t o t i  ~ ‘ . m ~, 5  
~~~~ I5 r i - i n c  . n .I S I , ,

h av e ‘ s , u c~t es te d  t h a t  the p r s3x l n s l iy  cd the B and ( ‘s i t e ’s  in see ~ and i~ s t i

energy m t n a y  have a prof s sund C l i e n t  Ic ni the lase r ’s e t I m o e t u y
due to c c u u j r h i n g  ,m f t he rrs c .c l e cul ar  levels by ihe r ma l  gas colli .
sion s, h u e  ps ,~ m i , ’ , i i , ,  CuI d r npr oo em e n i is ) th e \eI~ ( 3 5 0 ti nts ) irus~cuI i ffe d I, ’ rel ies - I  uh e -120 0 s i l l  ~~~ i , p t ,.‘i .l ‘ ‘.c u - i i i -

l i ’ s u t t s c u l p u t  c ’ ’ c r ~~’s h a l  h i s  been u hserv ed ( 7 J  when  Ihe has ei  h i iur us  t a d u u s  (R , ‘ 2 2 i c ‘ s 3 m ’ 5 . ’ ’ ’~~ S ,,~~~ . 1 , m,  ‘ s-ed ls-~
gas mr re diccr n  ~~j n  f ir e d  to I cØ . 200 C (kT  300 cm ‘

~ Si , , I ) ,  and ~, - - - . I , ’s ( i r (  - 2 )  i it c  ene r t’s l i s t ’ s- I t ‘‘ s - c c ,  ci the
r a i ses th e  u ? l ? C s c s t i r u g  3’ - i ’ s i l s m i m I s  du a l  the Xci -  ( (“ ) s tate  ‘ ‘ i i ’ s  he B ,m rr d C ‘s 1 . m ’ i ’ i i ’  “ u - n i ,  ,i ,! 1 ’ u — i c’ )  I . ’ c ’ , ’ u ’ , - , r ~ , s -  (~ J , (Im J and
i c _ r I n g as an c t u et ~~ t ese r v i r u r  i i ’  feed th ~ I , t — i r m 1i B • ~ 5 : i n ’ s m -  3)  B, f r  t h e  F) ‘ s ta te  has t ., u - r u  ‘ u S  c t  2 -\ .\ i di, ‘to n tfl

t u rn PlC i l i i 3 ’ c s s j l i v e  diets . is ‘sese t al  , , , s c s S m ~, 4 I , - - s  i, a ’ s-e n - n i t - t i  I l _ c  “-~~i t s r ‘I t- 1) • s- u u , ’ u ’ u , -t m i Xe ) t ‘ s ’ ,’ s 1’ ’ , , s r b l r  lot
( s~~, (6 J  - - ‘ I  m u c u l u c h i n g  r is e C ‘s J?C  in f i c i u r e  nS, - . I u ’l r S r g  - i i i - t h e  wi ’I S L : u , -sc n ‘s s ,  u _  ‘Ctl  l ’an , i  ,‘ liii ’ l u l ? ’ . i S t c m l C t it  ~~~~ nf l)

t i ns  m c ’ 11c’ r s s - , ’ u ,’s chi t -  ~‘ ,- , c — s i t ~ ‘1 f i t s ’:  i , , t : , , - : , ~~ the  C s t i I C  ‘Ti me i i s . ~~s - ’ t a ? i o C  , ‘t t ) t ~s ‘‘ . c m u u f cs .1 hdt ~ f Ct it ’ ’~~ la ser t r a n S i t I o n
li fe t ime Since , , t u ( ~ ei , t i r i ca ie s  w e re  j ’ ? C ’ s i i i~i ’sI ’s available , ihc ~ 3’’ . ’ i ’ ’ p l c - tl uhe t , -~~c m i S  ‘ s , ,  . t s , u ’ , I i i ’ I l l ’s  )nc ) - I I I )  ‘ ‘I the ~ceF
l e t t e r  s o u l  li ’s’s nil’r e due : , u ,  u ’ s u : c n r t c t m l  of Ute XeF (C 4 )  I// • l I  r a d i a t i ve  h i fc i c rne

i t . d , o e l , I ’ ’ t i r u m c  , o h m ’ s h  has been fu , und I i ,  be ‘~b ‘ fls F -i  r i s e  exp e t u tc s r ’n i s  ‘ li ’ ”~ si lo - i ) ,c’ l , -so - ,l ‘ ‘n  tu m o r  c ’ s 5 r l a t m , , f l
‘ , c u i  a l c m - c ,  g’s level di a gr a m Ion ihe X e )  n i m si ecu l e  is -f \eF , by el e ’s t r u n  i c S u p a c i  as i — c l 5 ’  ~

s- ~‘ u u l . , t t -  the \el’
sh c m w n m  in F i g  I A l l h c cu g h Ihe p u ient ia l  curves  ire ‘ t o ,  ‘ ( l y (C’) s t a le  and , ~~~ ~~~~~~ u i ’ s  d e t e i i n i in r  the I • 4 l I e  S true
t h u  -‘cc given by F ) m c r u n u n g  aci d Hay (4) I )  due ~

‘ s t ale  h u a s been P iked - , i :  u s ,  Is - I  3 + - I  ‘I s ‘mc I I I )  u i  Xci  ‘c iuc s  l u - u  - few
- s I a i C m u - l u ’ , ules I - n m te l  a luTe spc mit t  a t e  - icc c u s t m  c - m s  ‘ m ~ measure-

hl,. n tc so r i pt  r r t r c o ~ d A ccçccst 50 . I 9’S g , re cis ed Oolocb c r I t  - I 9~ 8 I Pus n u t - f lu  t m  ‘me ,, ,i ) e  -‘t i t i e  r u t  - - ‘so - - S ni f u l l  -u. ! sh  ii
* - - , k  w as n c cp r or t ed  l’s t , m l it -ten se A d s . n , r d  R e s e a r c h  P, uu ,- ’t s m a l l  , u ’ . i s , s ’  u-ti i i  Ih l l \1  I I t - lc .  I t t  ‘ - on , c - l a S - - r i  j cc~ ’,e used
‘u$’  e s  t I c  & R P A )  -

The a c c th , c rs  .r c wi th  th~ \ . ,a i  Researc h I ab ’ - ’ , a r , s u  ii - 
, ‘ - ç s . i ru in t hese i n p e r ’s - u- s I ! ’  i ! 1  s-s  t he ( s l a t e  I , ‘-c c 5 , , d’,~ ac cU~

IX 2037 5  ‘ a s e l s  I c ’’ ‘ ‘ ‘ “ uI
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l i i i  i , u I  k _ u s L  c l i  Q L ’ ’ s ’s l i ’ I  l I t ,  1 I I 5 ’ N I ( S , ‘,‘ i m i  Qi d ’ s , 51 1 1 , I i I 5 t ’ I ’ ° ud+ S 1979 (3

“sc u  (m ’siu9.i I ucl,Sn i NT u t  u i m c ’  m i r e  , i .us i~~’ . r i ’I l t , ’ i r , f e s , ’’J CI c. - m, u / ‘ u , 1  ‘ - sirl  69 , pp 1 3 4 —
149 , 1 9 / 8

f lu e , , t I S i l i - i S  are  ~i tj i e f u l  foc i die iecl in ic , i l  a ’s ’s ic i j t ’ sc’c c m f  I) - F pp I S I  Ii h~t ’c ’ls’, , II  Ii \ I ( . , 5 : u i  - l ’ s I I I  ‘Is , 9. Is Bi s t l i c ’t , IS Si lu ll ,
a nd ( I~ K hi ,  ‘ties , ‘‘ I nrc (I - ‘ I i  ‘us , ~’ sd l Ice c’s, te d sm ,c Sr ’ s  ota t u c i u c u u ’ s’ I s -’s u i t i g  l i s ~ i u s s t u n m s c  ss i i l t  R Ru i t t i c am , I. (‘li~iiu i pag ne , Xci - , ’ it  i i P imc - c  I n t l  - c u t  3 3 I- l i  59 4 1 , 197 8

_ mu ud J U sia , 16 1 ii I i c , i s l u r a t ’ s, I t  , ,cct d II  9.’ S - m , , - s  ‘ I  s . - - - ’ i ~~~ 1 m c c ’ c m s - h m n g
t a l C  , ‘ccss , u n d c (ocr St - I -  f l i t , I ‘2 1  and  Xci 111 , 3 / 2 1 , ’’ 4,’pt
PI t, ’t /~~it c o i l  ‘ s 5 , p p  8 2 1  + 2 3 , n i

RI  u b I t  ‘51 I-S l ’~l J I l s ma , I SI u m i 5 ’ 5 i l ~ i I II I s ,  ~ Is- ,~ ,d “I K 4 ’fl~ “i ‘l ’3 ’ ,’’ srimmc nt
fl X d’ laser c f l l~ 1 ‘I- I it  m ’Icc ,i te d I es r m ~uc’ m , d t u r e i , -- l j - ~n/ I’ll) ’!

I I I  C. A Rr a u and I J I c o u n g ,  ‘‘F’ uns ,ccc5un  sposoira u I  Xcii i , St-Ct . l e t !  - c u S s  r i u f I u . . Su c s t , I - ( ‘ Ii ,u r ~ ’ aI ’n e . ‘ ‘ u ~ ,d5, ’ ’ s m c f l c c i t U n i t’~ tIo fl
Sr i asid K u - i  Out-r n P !ciu - o c i t  63 , iu P 4640 -4 84 7 , 1 9 1 5  1 8 1  A t c , ’ , 1  i i ,  I’ ~ +, ~~, - -~~~ - “I I sI ,  p h i  ‘‘ I I in il ’ , i p t i ~ lfl

12 1  r u u u u m u u ’hc mu u lI d s l e t t e r , t h e  t , s c c c t ’ c l u s s , u c _ c l  ~i - ‘ I .  8 u t u  - i s- — i , , i
~ ’ ’ _ ’ l ’ ’ s  , , t ’t rI ,~fl~~ l i , , i u j c ’ . J u i _ -I c- - t n ,  mc , . ‘ u

scmu - i e tuc l_c t  m us ’uniC n . ia l c c te  sccII he used I u a i l c c t  lIm it ’ s  Ihc ~ I-S , i ,d rc pp I - I l l , I
nuccr , o ’ ua i n u u , u a r m - i n  sug 1’escs’d in 14 1 1  i dc’ rc ,s t e  hIr e l u ’ , ‘, n , ’s ~~u , , m c ’s 19 1 J (;  P ,ls’ut ,c cu d S K ‘c, , , I c s , ‘ c l  ‘ i l ~~ i~~~ . is - lu st - irte tus u , ,- tucea-
Xci -5 t h ‘ s u c h  She 8 and C’ s ta le  laicc I s i - i h ’ ,.hst ) sb - co ld be , , o u u . u n r t ” i f / - i  I i . ,  / ‘ s -  - u ‘I ‘n I l  ‘5’ 79 ’ 7 ” i l 19 7 7
i,, t o ’ , u h i . s , i 5 n’s I  Sit u- Sm t h o r n  c u i a i m s c  cn ’s’m1 ’mc c s~ t -e 5 )  and ( m l S it _u I .. sI~ in u _ u n ’ , i , - -  I ,  - - , i m  ~‘ S m ht -  5.- I  las-e n , the t h u  I c u r l  for
a c s ’ u , I  s u s t d (m c s c u m n  toe ,,,i, ’3 ’ t rice i s i s  cl ‘ i c  ‘ i t , ’ ,’ I u t ’Ic ’ s i f l g  5 , ’ lh C Is ’s’ ‘s ’s i l  ,,,,c r - , . 1 o c as i,’ Is ‘ i _ ~ h u t s ,, t i , e  (‘ su a s e  Sm ’,’ , cI- , 110 1 -
up p e r  Is- i t - I  om i the S ’ s I ’s ui ’ s ,  I_c s’s’, 1— is-I .1~ ‘ I i , - /4 sI , ’t’ ,c u un l lic e ls’scI  I t O )  ii f t - , . ’ ’ ‘ , ‘ ‘ i , -, s  S ‘, SI II , u m r , c  ‘‘i l , , I u , : u u u ’  I i Ic ’ t i , u c e it  b lm c 1’ st a i e
tnt _ cnn w h i c h  th e 460 m i m i  t t ’ I t t m n m , c, uss , m u t t ’ u t u a t e o  as th e ( ‘ s u i t e  , ‘f  S t - i - i i i , ,, !‘S u u r  - ‘ - ‘ I u-I ’ I _ u i  4 2 - 2  ‘4 ’ s , 19 7 7

1 3 1  U U t u s h c t  and IS I’ Center , “ R a d s , c u c c c ’ lcl ’r tm mr , e ~nd c3 s c r tu , lu ng ( I I )  I I ; I sis-n , ucmu l  K Si. S’s ,m s nm _c n n , “ I , t c m , , u , e  ~ui d t s ’t l i s c , ’na l  quu e st u h ’
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HgBr and HgI B STATE

QUENCHING RATE C0NSTANTS~

J. 0. Eden and R. W• Waynant
Naval Research Laboratory
Washington , D. C. 20375

ABSTRACT

‘1 The rate constants for quenching of the B states of

HgBr and HgI by the rare gases and simple halogenated mole-

cules have been measured. The experimental approach con-

-

~~~~ sisted of phot~ dissociat1ng either JIgBr2 or Hg!2 (in the

presence of the desired quenching gas) and recording the

subsequent radiative decay of the HgX (X Br or I) excited

state population . The large rate constant determined for

two body destruction of HgBr (B) by Hg (1,3 1O’
~~
0cm3-sec”

~’)

—10 3 —1and bromine donors (Br2:5,5 10 cm -sec ) s’nhances the

attractiveness of HgBr lasers pumped by dissociative e,’x&’itation

of BgBr2.

t supported in part by the Defense Advanced Research Projects
Agency (DARPA).
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Du e to the  a n a l og o u s  che m i ca l  and o p t i c a l  p r o p er t i e s  of

t h e  mercu ry ’h a l . i de  and r a r e- - gas h a l i d e molecul es , v i s ib le

l a s i n g  from the  HgX (X~ Cl , Br and I )  B s t a t e  m o l e c u l e s  has

bee n sought  and demons t ra t ed  for a v a r ie t y  of e x c i t a t i o n

schem es. 1 4  However , several  problems e n c o u n t e r e d  w i t h

che m i c a l  HgX ’ l asers  ( i . e . ,  purt lp in g  of Hg/x-are g a s/h a l o g e n

k)n or m i x t u r e s ) ,  such as pre  -r eac : t  ion  of the m e r c u r y  and

h a l o g e n dono r , t h u s  f a r  h a v e  i t e v er e ly  r e s t r i c t e d  the  p e r f o r —

mnance of these systems . As a resu l t , the closed cycle

ope r a t io n of t hese lasers , wh ich  has been shown to be f ea s ib l e

by electrical dissociation3 or photodissociation
4 of the HgX2

salts , is particularly attractive from the standpoint of

long term laser reliability.

Although the radiative lifetimes of the ngci ,i
4b m 5 llgBr6

and Hg!6 B*X bands have been d o t m ’ i ’ m l n e d , f e w c o l l i s i o n a l

q u e n c h i n g  ra tes for  gases of inter .’st to mercury-halide

lase r des igners  are known . This  paper  sum m a r iz e s  the i ’ate

c o n s t a n t s  for  q u e n c h i ng  of the B s ta tes  of HgBr and HgI

(by ’ th e rare  gases and s imple  ha logena t ed  molecules )  tha t

hav e been measured  u s i n g  rap id (~ 3 ns)  ph o t o d i s s o cl a t i o n

of HgB r2 or Hg!2. A p r o m i n e n t  aspect of this experimental

techni que is that the desired excited state molecular popu-

lation is created in a period of time that is short compared

to the radiative lifetime . Therefore , the collisional

destruction rates can be measured (without interference from

competing collisional processes) by simply recording the expo-

nential , radiative decay of the B state population in the
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presence of the desired quenching gas. Such an experiment

greatly simplifies the data interpretation and has been

used previously to determine radiative lifetimes and

collisional rate constants for the Xci (B) and Kr (B)

excited complexes.7

Several investigators
8 have shown , through UV absorp—

tion and photolysis experiments , that the wavelength thres-

holds for photodissociative production of HgBr (B) and

Hg! (B) mnoleculcs fran HgBr2 and Hg
!2 are A 

- 195-200 and 230 nm , respectively.

For this reason , the experimental approach of photolyzing

HgBr2 with pulsed Ar (193 nm) spontaneous emission and Hg!2

with KrCl (222 nm) fluorescence was employed in these

experiments to optically produce the desired HgX (B) state

population . The ArF and KrC1 spontaneous emission ,were

generated by exciting rare gas halogen mixtures (Ne/Ar/F 2,

p00:40:1, 
~TOTAL 

2000 Torr for Ar 9 or Ar/Kr/ Cl 2, 200:20:1 ,

same total pressure for KrCl) with an intense beam of 600 keV

€-lectrons from a Febetron 706 generator terminated in a

coaxial diode of 60 11 impedance. Radial pumping of the

gas mixtures produced intense rare gas-halide exciplex ~niss1on which could

be monitored at one end of the cylindrical diode by a photo—

S diode or photomultiplier. Emission from the other end of

the diode was directed into a heated

quartz absorption tube. Separate cells

were constructed for the HgBr and Hg! experiments and into

each was distilled several mg of the appropriate mercury-halide

salt. The quartz cell, which was of 15 cm length and 2 cm

L _ 

_ _  _ 
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diameter , was connec ted  to a vacuum and gas h a n d l i ng  sys tem

by 6 .3  mm d i a m e ter  Te f lon  t u b i n g .  A Tef lon  valve was

i n s e r t e d  in the vacuum l i n e  to f a c i l i t a t e  chang ing  the

quenching gas pressure In the absorption cell. A thermometer

monitored the temperature of the cell and the HgX2 concen-

tration was inferred from the vapor pressure equations.1°

All of the rare gases used in the experiments were of

x’r’s’s’arch purity. The halogen-bearing gases F2, Cl 2,

CH3Br , llBr , HI and CF3I were all of technical grade and

were used directly from the cy linder without further purifi—

cation . ‘I’he liquids CCI2Br2 and Br2 were contained in a

quart ,, r ese r v o i r  and dt ’gassed by d ry  ice coo l i n g  and c o n t i nu o u s

j ) h I l f l I ) i ng.

t~ j r s r n  absorb i ng a 193 am photon , a HgBr2 molecule is

excited to an unstable electronic state , HgBr2 ,  which

dissociates in < i ~5 4b leaving a HgBr (B) molecule and

a bromine atom as fragments:4a~
8

HgBr2 + hv (193 nm) -
~~ HgBr2* HgBr (B) + Br + AE(”- 450 cm~~) (1)

whi’re kT - 230 cm~~ at 388°K and We 
for the llgBr (B) state is

135 cm~~ (see ref. 11). Since the pump pulse width (3-5 ns) is

considerably shorter than the HgBr (B~X) radiative lifetime

(24 ns)6, then the HgBr B state population decays exponentially

with a decay constant , T , given by :

—1 —1 r i
~ = t  ‘Fk QLQJ (2)

where ‘i r 
is the HgBr radiative lifetime and kQ 

is the rate constant

for destruction of HgBr (B) in two body collisions with the
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backg rou n d gas , Q. So m e a s u r i n g  for  va r ious  values of

(Q} al lows t and  kQ to be determined. A similar analysis

holds for photolysis of Hg!2 by KrCl 222 nm emission .

For all the quenchers studied except Hg, the HgX2

hi concentration was held at ~HgBr2
’] 6 io14 cmn 3 and

[i-igi2l 2 1015 cmn 3 by maintaining the temperature of

the quartz tubes at 351°K and 388°K, respectively. Keeping

[HgX2~ < iø16 cm 3 a l l o w e d  t he qu en chi n g of HgX (B)  mol ecu les

by the HgX2 salt to be neglected In eqn. (2). 
The exponential

decay rate ‘i was then  measured for  var ious  quencher  pressures

in the absorption cell.

in  order to measure  the  r a t e  cons t an t s  for  quench ing

of Hg Br * a n d HgI * b y Hg, two a d d i t i o n a l  q u a r t z  cells tha t

we re sca led -o f f  and  c o n t a in e d  several rng of Hg Br 2 or Hg!2
and — 30 mg of Hg were prepared. Each tube was evacuated

to < io~~ To rr and baked thoro u ghl y before being filled and

sealed.  For these experiments , the cell temperature was

varied which , of course , changed both the Hg and HgX 2 vapor

pressures. Therefore , an a d d i t i o n a l  q u e n c h i n g  term , k H ~~g 2
[HgX2) must be added to the right hand side of eqn . (2)

where k H ~ 
has bee n measured  p r e v i o u s l y .6 So, after measuring

-r at various temperatures and correcting for quenching by HgX2,

kHg could be 
determined. As a result of this technique ,

the Hg quenching rates could be measured only if kHg was

larger than or comparable to k11 , . Otherwise , an upper limit
g

2

for k11g was inferred from the data .
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Data acquisition consisted of recording HgX (B -+X)

s ide l igh t  waveforms  on an oscilloscope . No fluorescence

was observed either when the oven containing the quartz

cell was at room temperature or when the coaxial diode

was evacuated. The spectral regions of interest were isolated

by bandpass filters (A ,~ 517 nm , h A  17.5 nm for  HgBr ;

450 nm , hA 16 nm for Hg!) and neu t r a l  densi ty  f i l t e r s

prevented s a t u r a t i o n  of the  de tec to r .

Exa mples of the e x p o n e n t i a l l y  decay ing  waveforms

ob ta ined  in these  e x p e r i m e n t s  are  shown in  F ig .  1. Part ( a )

is an i l l u s t r a t i o n  of a t y p i c a l  HgI  (B- *X) s i gna l  observed

af ter pho t odissoc ia t ion of Hg!2 . Th e emission waveforms

were manually di gitized and then plotted by a computer.

Some v i sua l  ave rag ing  of the wavefo rm occurred duri,ng the

d i g i t i z a t i o n  process as shown in Fig. 1(b) which compares

the KrC1 (222 mun) excitation pulse (viewed by a photunultiplier and 221 ‘4’ 24 nm bandpass
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f i l t e r )  w i t h  the r e l a ti v e l y  long’-lived HgI *  f luorescence .

From the f a l l i n g  p o r t io n  of the  w a v e f o r m , r was determined

and subsequent ly  correc ted  for the non-zero optical pump

pulse width and for the response of the detection system .

The dependence of T on mercury concentration for HgBr

is shown in FIg. 2 where the solid line represents  the

linear least-squares fitting to the data. The data have

already been corrected for quenching of the B state by

lIgBr2 
and so the slope

of the line represents the rate constant for quenching of

HgBr (B) by Hg which was found to be (1.3 -4’ 0.5) l0’~~~ cm
3-sec ’.

F u r t h e r  d e t a i l s  of the expe r imen ta l  t e c h n i q u e  and data analysis

are  to be found  in p r ev ious  papers .4b
~ 6

Tabl e I summarizes  the Ug Br (B) state quenching rate

con s t a n t s  tha t  have been measured .  Th e que n che rs selected

for  study  were chosen due to t he i r  present  or contemplated

future use in electron beam or discharge pumped HgBr lasers.

For exatnp le , N2 was investi gatea due to its dramatic 
effect

on the pulse energy of HgBr self-sustained discharges.3a

The results of Table I reveal that , for even 100 Torr of N2

in the discharge (the highest pressure reported by Burnhaln3&),

the nitrogen quenching rate is - 1.4 10~ sec~
’1 or roughly

1/3 of the radiative rate. Thus, although N2 is apparently effective

in depopulating the lower laser level, it quenches the upper state sla~wLy.

Simi l arly, CC12Br2 was studied since it has been found
2a to
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be th e best donor fo r  c - b e a m  s u s t a i n ed  d i s ch a r g e  o p e r a t i o n

of the IIgBr laser. Despite the size of the molecule ? its

q u en c h i ng ra te  c o n s t a n t  is on l y  r o u g h l y  twice  t h a t  mncas ured

for  IlB r.

L i t t l e  da ta  is ava i lab le  in the l i t e r a t u r e  w i t h  which

the r e su l t s  of Table I may be compared.  Rece n t l y ,  howe ver ,

Tang and co -workers 5 measured  the q u e n c h i n g  ra tes  of HgCl (B)

by Cl2 and Ar .  Compar ing  t h e i r  Ar r a t e  c o n s t a n t  w i t h  the

rare gas rates reported here , i t is e v i d e n t  t h a t  t h e  JT gX

molecu les  are not rapidly quenched by t he  r a re  gases.  Th i s  i s

not s u r p r i s i n g  s ince , u n l i k e  the r a r e  gas h a l i d e  molecu les ,

no spectroscopic ev idence  e x i s t s  for  a H gX exci ted s t a t e

l y i n g  benea th t he  B l eve l .  The l a rge  ene rgy  defect  between

I he B and X (ground) at ates di seourages q u e n ch i n g  9f HgX (B)

by a toms . Al so , a t t emp t s  were mnade at f i n d i n g  second-order

leas t squares so l u t i o n s  to  the  t versus (QI da ta .  However ,

fo r  mos t of the quen cher s  s t u d i e d , the  q u a d r a t i c  c o e f f i c i e m i t r

we re f o u n d  to be nega t iv e an d ar e , t h e r e f o r e , ph y s i ca l ly

unaccep tab le .  The onl y th ree -body q u e n c h i n g  ra te  de te rmined

I n these e x p e r i m e n t s  was for  Hg Br (B)  destroyed by two

Ar atoms and the ra te  c o n s t a n t  was f o u n d  to be 1.8 io
_ 32

cm6-sec~~~. This is also consistent with the large B to X

energy separat ion and the relatively small two-body rate

cons tan t s .

In this regard , the rate constant for HgBr quenching by

Hg Is unusually large and not consistent with its electronic

polarizability or physical size as compared to the rare gases.
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In  f a c t , th e Ji g r a t e  c o ns t a n t  is s i m i l a r  to those measured

for  the  p o l y a t o m i c  m o l e c u l e s . C o n s i d e r i n g  t h i s  a long w i t h

t h e  p re c ip i tous  decrease in Hg Br (B~ X)  f l u o r e s c e n c e  observed

by Whitney 12 in c -beam sustained Ar/Hg/CC12Br2 
mixtures

for ~i1g~ > 4 j~~
16 

cmn~~~ suggests the possible existence

of a mercury halide trlatomic comp lex :

li gI3r (B ) + Hg Hg213r~ 
(3)

where the excess e n e r g y  may be absorbed by internal modes

of freedom of the molecule. Although no c-mission from this

molecule has been reported , this trimer may be partiall y

rc’s~ ensible fo r  the aerosol that has been observed following

discharge ex c i t a t i o n  of Hg/A r/CC 12Br 2 or Cl 2 gas m i x t u r e s. 2a

Since the large Hg quenching ra te  c o n s t a n t  and the  aerosol

phenomenon are avoided i n  the HgX2 dissociat i o n  lasers , the n

several engineering desi gn problems are ameliorated. So,

fo r many app l i c a ti o n s and p a r t i cu l a r l y  those where

sea led -o f f  opera t ion  and non-cor ros ive  laser f u e l s  are

desi rable , the HgX2 dissociation lasers are preferable to

the  chemica l  sys tems .

The quenching rate constants that have been measured

fo r the  Hg ! ( B )  s t a t e  are g iven in Table I I .  I t  was only

pc ssIble to determine an upper limit for ~f 3

cm 3 sec~~ due to the dominance of Hg!2 quenching. One

s i g n i f i c a n t  aspect of these rate constants Is that the Hg! (B)

values are significantly smaller than the analogous constants

for the bromide. This may simply be due to the larger B—X

energy  gap for  Hg! as opposed to tha t  for }1~”~~ .
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In su;~~1ary, the rate constants for quenching of the B

st a t es of Hg Br and  Ji g! by v a r i o u s  gases have been measured

by photodissociating 11g13r2 
and Jig!2 

and monitoring the real

t ime  decay of the  B s t a t e  p op u l a t i o n s Thes e cons t ant s f i l l

a void  i n our k n o w l e d ge of the  c o l l is i o n a l  b e h a v i o r  of the

ligX (B)  species a nd are  es~~en t  i al to computer  m o d e l l i n g  of

the mercu ry  h a l i d e lase rs , regardless  of the excitation

rnechan jam used

Th e a u t h o r s  a i-c ~ i-ale ful to Dan EPP for excel lent

t e chn i ca l  a s s i s t a n c e .
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Figure 1. Typ ical waveforms obtained during HgX

2 photolysis

experiments: a) oscillogram of HgI (B÷X) spon-

taneous emission from~HgI
2 

and N
2 m ix tu re  in the

quartz cell and b) semi—log plot of the KrC1

(222 nm) pump and  l lgI~ f l uo rescence  waveforms  —

{Hg r 2~ = 2 . 3  iO~
’5 cm~~~, N 2 1.5 io 19 cm 3

and T = 388°K.
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I 1 1

[Hg~(1O16 cm —3)
Figure  2. Dependence of the  e x p o n e n t i a l  decay c o n s t a n t

on the mercury  c o n c e n t r a t i o n  f o r  HgBr . The

slope of the l i n e a r  leas t  squares  f i t  to the

da ta  ( r epresen ted  by the  sol id line) defines

the  rat e constan t f o r  q u e n c h i n g  of Hgl3r , (B)  by

— 10 3 —1Hg as 1.3 10 cm -sec . The data shown

have already been corrected for HgBr
2 

q u e n c h i n g .
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LONG-PULSE KINETICS EXPERIMENTS

1. Apparatus

An apparatus was built to enable the study of energy flow kinetics

in typical e-beani-pumped RGH gas mixtures under laser conditions . This

device al lows the observat i on of sidel i ght fluorescence of selec ted

radiating species in the laser plasma . A schematic diagram of the long-

pulse kinetics apparatus is shown in Fig. 1. A gas mixture of up to

7 atm pressure is pumped for -‘ 1 -~sec by a 300 keV , 2 A/cm2, 20 cm x 1 cm

elec tron beam. Spectrally resolved side fluorescence is observed with

filter -photodiode combi nations; beam splitters are used to observe two

or more wavelength bands simultaneously. Laser mi rrors may be added to

observe the effects of laser saturation on side emission.

The apparatus has been used to measure XeF (B) formation efficiency ,

XeF (B-+X) fluorescence efficiency for gas mixtures , an d e-beam pump

currents corresponding to optimum laser performance. Also, the XeF (B-’-X)

and XeF (C-’-A ) fluorescence emissions were measured under various condi-

tions to assess the effect of C-’-A emission on laser performance .

2. XeF (C) Investigations

An intense 400-500 nm broadband fl uorescence in XeF laser mixtures

had been seen by severa l investigators and was attri buted to spontaneous

C-~A emiss ion of the XeF exciplex. Since the presence of the C-state with

such strong emission could have significant effects on the formation of
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the XeP (B) state and on the extraction of B-’-X laser emission , a pro gram

was ini tiated to assess the role of the XeF (C) state in the e-beam pumped

XeF laser. Closely interacting experimenta l and numerical approaches

were a pp li ed to the p rob lem and the resul ts were publis hed 1 (see reprint

- 
- which fo l lows) .

The experimental approach used the apparatus pictured in Fi g. 2.

It basically consisted of simultaneously measuring the relative inten-

sit ies of B-’X (351 nm) line emission and C-’-A ( -  460 nm) broadband eniis-

r sion from e-beam pumped Ne/Xe/NF 3 gas m i xtures as a f unc ti on of partial

pressures of the vari ous m ixture components . A steady-state numerical

model was developed and was used in conjunction with the time-dependent

computer model to perform simulations in which various rates were adjusted

to fit the observed variations of B and C fluorescence vs . pressure .

The important result derived from this study is that , for e-beam

pumped XeF lasers , the C-sta te does not impose a major limitation on the

B-.X laser performance because 80~ of the d i rect exc itat i on of XeF goes

into the B state . Al so, mos t of the C-state formation is by collisional

mixing with the B state so that the observed excitation -energy loss

through C~A fluorescence can be reduced by stimulating radia tion on the

B-i.X transition . Thus , the laser performance is most likely limited by

i ncomplete upper-laser -level vibrationa l relaxation and by bottlenecking

due to the weakly bound lower laser level .

Ano ther conclusion derived from this work is that for pumping con-

di ti ons studied here, elec tron mixing of the XeF B and C states is not

important. This is supported by the data plotted in Fig. 2., w h i c h  show

that the ratio of B to C fluorescence changes very litt l e when the NF 3
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concen tra ti on i s var i ed over two orders of magn i tude . The equil ib r i um

concentration of electrons is controlled by the density of the attaching

species , NF3, and thus , i t i s seen that a large chan ge i n elec tron den-

sity has little effect on B—C mixing rates , More deta i l i s discussed

in the following reprint of the C-state paper.

3. Rare— gas Halide Laser Issues in Need of Furthe r Study

The experimental and numerical efforts at NRL during the past

year have been aimed mainly at deriving a complete understanding of the

laser/kinetics chain in rare-gas halide lasers . To completely define

the operat i on an d sca leu p p ro pert ies of a laser , one must know all of

the relevant chemical kinetics rates , lifetimes , an d cross sect i ons

invo l ved in upper -laser -l~ vel format ion , interception , quenching, and

laser light absorption and extraction. Detailed studies of the energy-

flow kinetics in the XeF laser (both e-beam-pumped and e-beam-control led)

have pointed ou t severa l i mportan t k i net i c reac ti ons and spec i es w hi ch

should be studied further to allow a better understanding of this and

other rare-gas- halide lasers. The processes are discussed below .

a. Three-body charge transfer reactions

Most charge transfer collisions between two different rare gases

have rela tively small cross sections and are thus not important to the

energy fl ow chain in RGH lasers . However , at mul tia tmos phere operat i on

typi cal of KrF , XeF an d XeCl lase rs , three-body processes become impor-

tant. Such reactions are of the type

A~ + B + M B~ + A + M
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where A and B are rare gases and M is any third body . Three-body charge

transfer may compete with ion—ion recombination ,

A~~+ X ÷ ( M )~~~AX*+(M)

and could ha ve significant effects on the upper-laser-level formation

chain and on absorber concentrations. Since little is known about rate

constants for three-body charge transfer reactions , it is reconinended-

that experiments be performed to measure them for rare gas combinations

used in RGH lasers.

b. Complex ion properties

Heteronuclear rare gas exciniers and ions can be important species

especiall y in RGII laser mixtures in which the mole fracti on of the dilu-

ent gas is greater than 99% as is the case for the XeF laser in Ne

diluent. In this laser , the complex ion , NeXe +, may be an important

species in the XeF formation chain depending on its rates of formation ,

recombination with F , and binding energy . A knowledge of relevant rates

and molecular properties of NeXe~ would be highly beneficial to under-

standing the XeF laser especially at high pumping currents where the

ion channel dom ina tes the formation chain. Hence, it is reconinended that

experimenta l and /or theoretical studies be di rected at deriving the pro-

perties of this ion and of other heteroñuclear rare-gas ions .

Reference

1. 1. G. Finn, L.. J. Pa j umbo, and L. F. Champagne , “The Role of the

C Sta te in the XeF Laser ,’1 App l. Phys. Lett. 34( 1) (1 January 1979).
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KINETICS EXPERIMENT
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Figure 1. Schematic of long -pulse kinetics apparatus
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Fi gure 2. Ratio of XeF (B~x) fluorescence to XeF (C-~A) fluorescen ce vs.

NF3 pressure .
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The role of the C state in the XeF laser
1. a FInn ,r L J. Palumbo, and L. F. Champagne
I a~~r Ph V~ i~~l Bra eu-h , o pt/r h ~~ cpu- c’ Diiis:rui .\ a i- al Rr- .srarc h Lahrr r aro, - e ~4 ushi~igro~i D C 2~ 3 7_S

( Reccis ed ( 2  Oc ssber (Q’~ accepte d tot publication 31 October (‘~‘~ 1

\c \c ~s 1 niisturcs were irra diated by a cold-cathode c-beam, and the fluorescence
elds I he B and C stat es of \~

-} - w ere measure d as a function of neon pressure from
to  ~IX) Torr At low neon pressures , t he f luorescen c e yield of the B state

cot  resp ‘iids to ‘ire photon emitted for each neon on formed. As the neon pressure is
increase d th~ fluor~s~ence ~ie ld of the B s tate decreases . hut t he rat io ~1 th~ C
e mission to B emiss ion approaches units If the C is formed through a channel w hich is
iiidepcr idcnt of the B s t ar e , t hen the ultimate etTie iency of the XeF laser is sesere ls
limited I lowese r , aiiak s i s  of the data wi th a XeF k i neti c s model indicates that the
eri t rai reed C emrssrr ’rr resutts from iwo-hod~ q uench rng of the B state h~ neon We

~onc(ude that the Xel - laser performan~ e h a s  been limited by other processes . namcl~ .
incrinip lete s ibrat ional relasat ion and ground s iate hottlenecking

I’ -~(~~ numbers 42 55 ~Iq. ~2 20 W i . 33 50.Dq
\eI is the seco,id rare- gas mont -ihahde laser ~~ste m absorption in the medium Champagne and Harris found a

(a f ter  K F )  to demonstrate high e~~ciency and output pow significant improsernent in the output power and effictencs
er Inituall) . the XeF laser wa s operated in an argon d i l ue nt .  w i t h  neon as the diluent This work showed that the tran-
hut is t’ff i cie n. -s w a s  well below l”~ because of t rans ient  si ent absor ption present in pure neon , althoug h comparable

________ i ir that in pure argon , w a s  markedly reduced h~ the addition
5, 5-” , 

~~ -\~ ‘i- h, s r  I n~~~-\- - n~ i •~ if a sma ll amount of xenon Presiously. we deseloped a corn-
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COMPUTER CODE DEVELOPMENT AND APPLICATIONS

The versa tility of the time-dependent laser kinetics computer code

developed at NRL during FY 77 has p roven to be i nvalua b le throughout

thi s pas t f iscal year in wh i c h the co de was a dap te d to a var i ety of

systems. Documentation has been accepted for publication ’ and shoul d

make the code usa b le and ava i la b le to a lar ger number of resea rchers

interes ted i n the s imulat i on of lasers , di schar ges , an d chem i cal k i ne ti cs .

Both steady-sta te and time-dependent computer models were constructed

to hel p unfo ld ex perimental data a imed at assess ing the role of the C

state in the XeF laser (see precedin g manuscript). Data on import ant

react i ons i n e- beam sustaine d di scha rges i n Ne/Xe/NF3 mi xtu res have been

updated and numerical studies of energy flow and electron kinetics in

such mi xtures have been carr i ed out and p resente d.2 Additionally, model ing

has been used to simulate a ra re—gas-halide kinetics experiment which is

use d to i solate certa i n par ts of the k i netics cha i n for measurements of

important rates . Numerical simulation has helped to unfold the indi-

v idual rates from experimental observations ,

Applications of the modeling are cited in the previous and following

sections of this report,

References

1. 1. H. Johnson , L. J . Pal umbo , and A . M. Hunter , ‘1 Kinet ics Simulation

of High-Power Gas Lasers ,’ to be published in IEEE J. of Quantum Elec-

tron ics (May 1979).
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ABSTRACT

KINETICS SIMULATION OF HIGH-POWER GAS LASERS*

Thomas H. Johnson , Louis J. Palumbo , and Allen M. Hunter

Numerical simulation of high—power gas lasers requires the

integ ration of a variety of numerical techniques;  s imul taneous solu-

tions must be obtained to a large set of ord inary differential

equa t ions , and several non—linear partial differential equations.

A fami ly of codes employ ing s imi lar methods has been devised and has

demonstrated rema rkable success in p red i c t i ng  laser performance over

a b road range of parameters .  We describe here the app rop r i a t e  tech-

niques for dealing with gas kinetic equations , the steady—state

Boltzmann equation , and physical optics. Modeling of both e—beam—

pumped and e—beam sustained discharge—pumped lasers is described ;

comp lex electron kinetic processes are included.  Resu l t s  are shown

fo r both krypton f luor ide  and xenon f luo r ide  lasers,

* Work supported in par t  by DARP A
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I. INTROD U CTION

During the past decade , numerical  simula tion models f or gas

lasers have been developed to predict , with good reliability, the

gross perfortnance ’of gas lasers operating at infrared wavelengths.

In moderatel y complex .kinetic systems such as those of the CO
2

electric discharge laser [i], the CO electric discharge laser [2], and

the DF—CO
2 

transfer laser [3], it has been possible to predict total

power and efficiency with some confidence. More detailed quantities

have often eluded accurate prediction, usually because of uncer-

tainties in fundamental kinetic processes. The results from these

kinetics codes have been coupled with other techniques —— hydrod ynamic

models (especially for simulation of the gasdynamic laser) and both

geometric and physical optics models —— to produce successful simula-

tio ns of laser systems .

* Work supported in part  by DARP A
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With the advent , in the early ‘70s , of gas lasers operating at

much shorter wavelengths — —  in the visible and near u l t r a v i o l e t  — —  it

became necessary to develop new computationa l models. The kinetic

processes of such systems are vastly more complicated than those of ,

for example , CO2 
lasers. This complication is both quantitative and

qualitative . There are a great many more reactions , and kinds of

reactions , which must be accounted for and balanced properly before

one can simulate a real experiment. And , more significantl y,  the

assumptions of (at least approximate) local thermodynamic equ il ibr ium

made by earlier simulations are clearly not valid in the new lasers.

( In  CO 2 modeling , for example, it is common practice to assume the

vibrational modes to he individually equilibrated.) It becomes - ‘

necessary , then , to update certain elastic and Inelastic collision

parameters through solution of a Boltzmann equation in concert with

the solution of the gas kinetics equations .

The techniques presented here were assembled for the simulation

of a particular pair of rare—gas—halide molecular lasers , the excimers

krypton fluoride (KrF), operating at 2485X, and xenon fluoride (XeF),

operahng at 3532g. Where it is useful to illustrate by example ,

these systems will be used ; and the results presented will involve

simulations of laboratory experiments with these lasers. The methods

are, however , quite general , and may be used with equal success on

a great variety of complex systems. In fact , the techniques have been

specialized along quite different lines by two of the authors, using

two quite different computers (CDC 7600 and Texas Instruments ASC);
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where different methods have been used to model specific aspects of

the systems , bot h wil l  be described he re .  Over ra ther  a broad realm ,

one ’s choice of nume rical methods represents , as much as anything

else , one ’s aesthetic pe rceptions .

Physical Approximations

Energy is generally delivered most efficiently to the gases in

these elect ron ic—trans i t ion  lasers through collisions with energetic

elect rons , either through direct pumping with electron beams or by

app l icat ion of an electric discharge (usuall y sustained by an e—bea m) .

The essentials of til e geometry fo r a direct—pumped laser are shown in

Figu re 1. The arrangement  shown is for  an uns table  confocal resonator

as used in the KrF physica l optics  ca lcu la t ions  (see Section I I ) .

For an e—beam sustained discha rge , the essen t ia l s  of Figu r e 1

remain cor rec t .  A discharge vol tage  is added in the th i rd  dimension

(into the page) , and the resu l t ing  cu r r en t  ca r r i ed  b y secondary elect rons

( ionizat ions  caused by the e-beam) pumps energy into the gas coll is ionally.

Note that , as far as the energetics are concerned , the problem

may be treated in levels of approximation vary ing from zero—dimensional

to th ree—dimensional .  One may , for examp le , attempt to model the

spatial and temporal anisotropies of energy deposition by the electron

beam, which depend almost entirely upon the characteristics of the

particular electron gun being used ; or one may presume that the beam

energy is deposited uniformly throughout the cavity. Similarly , if

the laser is discharge—pumped , one may choose to model the spatial

asymmetries of discharge current (which also depend on the e—beam
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deposi tion anisotropies); or , aga in , one may ignore these. All models

presented here make the s imp lest assumptions in both these cases ,

reducing the dimensionality to zero. Since both deposition aniso—

tropies and discharge current asymmetries tend to degrade laser per-

for mance , the simulations will present a best—case prediction of per-

formance. If energy deposition in a particular experiment is particularl y

poor because of any combination of these problems , an accura te simu—

lation can be produced by tailoring the code ’s modeling of e—beam

energy deposition to that  ac tua l ly  measured , ra the r  than t ha t  of a

nominal ideal beam at the rated input current .

Temporal var iat ions in the discharge voltage are modeled in

these simulat ions , as discussed in Sect ion II I .

Var ia t ions  along the laser beam axis can arise for a number of

r easons , including all the above sources , longitudina l variations in

f l u x  level (especia l ly  those caused b y using an uns table  resonator ,

as in Fi gure  1) , va r i a t ions  in abso rp t ion , or other  mode—media inter-

actions . The simplest forms of these simulation models also ignore

all these variations as well. The resonator is presumed to be a simple

Fabray—Perot resonator , so that the optical f i e l d  is approximated as

uniform in amp litude. The chemical concent ra t ions  everywhere in the

cavity are then identical , and a simple u n i f o r m — g a i n  approximat ion

can be made (Section II). This zero—dimensional calculation can produce

highl y accurate results for overall energy, intensity, and e f f i c i e ncy,

as well as reliable performance parameters for various modes of operation.

One— and two—dimensional calculations can be performed by dividing the

cavity into an appropriate number of cells and app lying the kinetics
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procedures to the upda ting of small—signal gain in each cell; intensity

must then be calculated by a more detailed modeling of the radiation

f i e l d .  Techniques fo r  doing th is  are discussed in Sect ion II .

~~~ _ KINE TI CS_,,~~p RADIATION

El ectronic transition gas lasers generally involve complex ,

branching chains of energy flow from initial pump excitation of back-

ground gas to eventua l  e x t r a c t i o n  of laser r a d i a t i o n .  These energy

chains include processes such as: energy deposition by electron

ioniza t ion and exc i t a t i on ;  energy t r a n s f e r  by various coll isional

mechanisms , including neutralization , displacement and “harpooning”,

leading to formation of the upper laser level; and collisional

mechanisms which intercept excitation energy before it can reach

the upper laser level , or which quench that level before stimulated

etruission occurs. Also , one must consider extraction of stimulated

emission , In c lu d i n g  a b s o r p t i o n s  b y var ious  process in the  gas and

resonant reabsorption by the lower laser level (if there  is one),

laser c a vi t y  o s c i l l a t i o n  and coup l ing  th roug h ou tpu t  mirrors . A

t i m e — d e p en d e n t  model of the k i n e t i c s  of such a system must define and

upda te  species  dens i t i e s  f o r  a large  number —— t y p ica l ly  between twenty

and s ix ty  —— gas components , i nc lud ing  ground s ta tes , several excited

s tat e s  and ions of atoms and molecules , plus electrons and photons .

The t ime evo lu t ion  of t h et e  components is fol lowed by the solu-

tion of a set of coup led first—order ordinary differential equations ——

one for each gas component. To the set of equations defining species

densities are added further differential equations describing the

6/4
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evolution of the photon field , the gas temperature and (in some tnodels)

coupled electrical circuit parameters. The species equations can be

general l y described as e q u a t i n g  the r a t e  of change of species densi ty

to a sum of contributing formation terms less a sum of depletion

terms , viz ,

dN
= >2 F .1 - 

~~~~ 
D

1~~ . (1)

Here N
1 

is a particular species density , the F’s are the formation

terms and the D ’s the depletion terms . For examp le , consider a simp le

chemical reaction of the form A 4- B -
~ C + D , whose forward rate is

characterized by a rate constant k; if the sp -cles densit ies are

expressed in cm
3
, the units of k are cm

3/sec (a unit ~f “particles ”

or molecules being understood In the numerator of the former and the

denominator of the latter) . For this reaction , the rate equations

defining species C and D would contain the formation term

F = k  [A] [B]

at the same t ime , the equations defining species A and B would contain

the dep letion term

D k EA ] [BJ

It has been found to be hi ghl y useful to code the equations to

the greatest extent possible in symbolic format. The equations them-

selves arc specified in an input dat a list in chemical reaction format ,

with the appropriate reactants and pr oducts expressed as symbolic

names. The rate constants are Included in this lis t , along with flags
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specif ying the conditions of their definition and sequence and source

Information. Some of the rate - o f l 5 t  ants must be up dated d u r i n g  the

computation , being functions of gas t emperature or electron energy

distribution. The differ enti al equations of t h e  f o rm of (1) are then

generated int ernall y by  th e c om p u t e r  c-e dt- . This method not on ly

makes it much t - i s  i cr  to a l t e r  the se t  of e q u a t i o n s  (b y addi  t ion or

d e l e t  ion of terms or r e a c t  ions , or b y change of react ion rates), it

also g r e a t l y reduces  e r r o r s  att en dant t o  such a l t e r a t i o n s , e r r o r s  which

a r i s e  w i th r e m a r k a b l e , a l m o s t  sp on t a n e o u s, ease in  the complex  t an g l e

of r e a c t i o n s .  F u r t h e r , s~~ hulic manipulation makes the d e f i n i t i o n

and c o m p u t a t i o n  of a variety of output and diagnostic quantities

much e a s i e r .  And f i n a l ly , i t  makes  a s i n g l e  code the easil y—ad aptable

basis for simulation of a wide variety of l a s e r  sys tem s and chemical  ¶

k i n e t i c s  ex p er i m e n t s :  The e n t i r e  c o m p o s i t i o n  of the simulated gas may

be changed w i t h o u t  a l t e r i n g  the  code i t s e l f .  E x p e r i e n c e  has shown

t h a t  an a d e q u a t e  symbol ic  sy s t em  is one which employs  names of up to

s ix  al phanumeric c h a r a c t e r s  and d e f i n e s  r e a c t i o n s  w i t h  up to f o u r

r e a c t a n t s  and f i v e  p r o d u c t s  each .

In t ~~~ra t  ion S I

Severa l  d i f f e r e n t  i n t e g r a t i o n  schemes f o r  t he  c h e m i c a l  k i n e t i c s

equations have been used successfully with these techniques in simulating

KrF and XeF lasers. The rea ct ion rates in these systems may vary by

ten orders  of m a g n i t u d e  or more , as may species concentrations .

However , it has not b e t - n  f o u n d  to  be n e c es sar y  to employ  any of the

more s o p h i s t i u t t k - 4 1  t e c hn i q u e s  developed t o  s o l v e  n o n — l i n e a r  sets  of
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“s t i f f ”  equat ions . This is a resu l t  of the phys ica l  system i t s e l f .

Most of the species densities rise extremely steeply in the first

tenth of the simulation—time , requir ing that the fastest rates define

timesteps; later in the pulse , species densities tend to flatten out

together , permitting quite long t imesteps for all species , regardless

of rate constant.

Simulations on the ASC computer have used a fourth—order Runge—

Kutta—Treamor [4] algorithm , which provides for stiff systems. Both

upper and lower limits to timestep size are user—specified through

maximum limits on changes in the N
i 
or dN

1
/dt. Limits of 5% change

per titnestep have been found to be sufficient for accuracy. Integra-

tions requiring a few thousand t imesteps (for a 1—2 jisec laser pulse)

for systems of 30 species and 100 reactions take about ten seconds

of CP time .

The CDC 7600 versions of these simulations have also been run

with a fourth—order predictor—corr e ctor Hamming ’s method. However ,

detailed comparisons of simulation of KrF experiments using both

Hamming ’s method and a far simpler modified—Newton ’s method integrator

have show-n the latter to be fully as accurate when used with a

r e s t r i c t i v e  f l u x  l i m i t e r  on N~ and dN 1
/ d t ;  t h e  few e x t r a  i n t e g r a t i o n s

r e q u i r e d  f o r  accuracy are more than compensated by the Inc reased  speed

per t imestep. The flux limiter has two steps. Assuming that a standard

t imestep DT has been set (or calculated as the remaining t ime in a

longer edit interval), first calculate

N + loo \
(tN T ) = ABS I ‘I ( 2 )

i I 
~~~~~~~~~~~ )dt
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where f
1 

is an arbi trarily chosen fraction (usually .05 , as above).

The extra numbers in numerator and denominator are obviously to

preven t zeros from fouling the calculation. (Compared to all real N
1,

100 is a very small number.) Then compare DT to (AT
1
)
1 

f~ for  all

spec ies , where f
2 

is another user—specified fraction; if DT is smaller

than each of these , it remains the timestep. For N
1 

for which DT is

larger , calcula te

I A N  + 10 90 \
(AT~ )

2 
= ABS ( - H

~~~ 

— 

1 
(3)

\ 
A-~-~-~ + 10 100/

where is the change in N 1 
over the  l a s t  t im e s t e p ,  and ~~~~ the

dt
change in formation/depletion rate over the last timestep. DT Is then

reset as the smaller of (AT
1
)
1 
and (AT

1
)n . Using this flux limiter ,

the mod ified—Newton ’s method integrat or performs the benchmark integra-

tion just described in about 4 seconds of CDC 7600 t ime.

Electron—Beam Pumping

In electronic transition lasers , the first step in the kinetics

chain leading to extraction of laser energy is the deposition of energy

in the diluent gas by either photons or electrons ; in high-power lasers ,

electron—beam pumping is usually chosen in preference to flashlamps .

Relativistic electrons deposit energy as ionization and direct excita-

tion; calcula tion of the rates of these reactions can be done a variety

of ways. In one of the app lications reported here , the stopping power

calcula tions of Berger and Seltzer CS] were used . It is necessary

to modify these calculations by a numerical factor (typicall y be tween 2

and 3) to account for the zigzag path the electrons follow through the
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gas. Calculations by Hunter [6] have correlated existing experimental

data to provide thismiitiplicative factor as a function of beam energy .

The other application used results of a detailed electron transport

code [71 , (8] which accounts for the beam ’s path deviations and allows

for losses of inciden t electrons to backscattering .

Whichever method is used , the ionization and excitation rates are

calcula ted ini tially (e ither by hand or in the initial executive

portion of the code) to correlate to the specific c—beam energy desired .

They are then supp lied directly as loss and gain t e rm s in the rate

equations for the species gaining or losing in number density — —  multi-

p lied by an input—specified constant for the c—beam current density.

This multi plier can also be defined as a function of time to allow for

rca ’. variations in e—beam current. So , for examp le , the F terms

(Eq. (1)) for ionic species would include contributions f r o m  t h e  beam ,

as would the F terms for excited states. About three times more  ions

than metastables are created directly by the c—beam .

Obviously , this method is also appropriate for opticall y excited

media , with appropriate redefinition of constants.

LasinZ, Fluorescence and Ahso~~ tl~~

Production of radiation in t h e  laser cavity is treated by a

u n i f o r m  g a i n  a p p r o x i m a t i o n .  This  approx i m a t i o n  is genera l ly  good when

the laser is o p e r a t i n g  at  or near  s a t u r a t i o n  and when t h e r e  a re  no

major non—uniformities of lasing states in the medium . For situations

in which the gain cannot he approximated as uniform throughout the

cavi ty,  one— or two—dimensional optics codes (discussed later in this

Section) must be coupled into the kinetics solution.
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The differential equation defining the rate of change of intra-’

cavity laser intensity is

dI L
— cI L a sh

) (4)

where 
~L 

is the intensity in watts/cm
2
, a is the net gain, and a

~h 
is

the threshold gain , the gain needed to overcome round—trip mirror

losses. These are defined as

a 0se ~~ut 
- NU

) _
~~~~

(c b ) n N n ‘ 
(5)

— ~~~~ (R 1R~) . (6)

The te rm 0
se 

(N~~ — N
~~~

) is the  small signal gain , in which N~~ and

N~~ are the number densities of the upper and lower laser levels ,

respect ively ,  and 0
se is the stimulated emission cross—section , defined

a 
~~~~ (~~~~b) ‘

in which A and v are the wavelength and f requency at l ine—cente r , T is

the spontaneous l i f e — t i m e  of the upper laser level, and Au is the

spontaneous linewidth at half max imum . The remaining terms are:

(G
b
) and N are the photoabsorption cross—sections and number densities

of species ~ -

~~~~ 

is the cavity length (distance between mirrors);

and R
1 
and R

2 
are the mirror reflectivities.

The spontaneous emission term is calculated as
dl N

—
~~

--- (hv)~ (8)

where by is the laser photon energy. Most of the spontaneous emission

is lost as sideligh t fluorescence. The small fraction directed within
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the effective laser solid angle is added to the right—hand side of

(4) ; this f rac t ion  Is typ ica l ly  about lO~~ — 1o 6 . The remainder

is discarded in the calculation of the laser flux, but is accounted

for in determining energy lost by side fluorescence.

After the intra—cavity intensity has been updated , the

instantaneous Output intensi ty is given by

~~ 
_

~~~~~0 L \ l + R 1R 2 
. (9)

The denominator in this  equa t ion  ar ises f rom considering both left

and right traveling waves. The total laser energy radiated is simply

calculated as

t
E = I d t  (10)

L o
0

where t is the total pulse length.

Physical Optics Simula t ion

Optical resonator computa t ions  are performed using a Fourier

optics propagation algorithm developed by 1. C. Salvi f97 . The de ta i l s

of the optics  theory  are discussed in (ioj and (111. For computa t iona l

purposes the laser cav i ty  is represented by a series of d i s c r e t e

optical elements oriented transverse to the optical axis as shown In

Figure 2. Two of these , M
1 

and H2 , are the mirrors of a positive

branch confocal uns table cy l indr ica l  stri p resonator. The elements,

S~~, between the mirrors are gain sheets. The amp lif ication and phase

transformation that the electric field experiences in propagating

through a gain region of thickness Az is accounted for in one operation

-
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at each gain sheet. The thickness Az is kept sufficiently small that

t~ e average intensity within a gain region is approximated well by
I I Az +
-_

~~
--- [e

8 _l]. The intensity entering gain region I from the left 1’ I~~.

The corresponding intensity entering from the right Is I~~.

The electric field is computed for N points at each optical element.

These points are equally spaced so that a Fast Fourier Transform (FFT)

can be used to perform the required discrete Fourier transforms . The

optical coordinate system expands with the geometrical optical rays

so that each element is resolved equally well with N points. The

elec tric field is represented as a linear combination of pl ane waves

U1
(x) = J A~ (f )exp [i2~fx] df - ( 1 1 )

The Four ie r  spec t rum is propagated  analy t i c a l l y  f rom one optical

element to the next by the transfer function H
1

(f , 8~~ )

ilc z — i i i A t i z ~ 
2 (12)

H
~~

( f )  = e e i x

so that the electric field at the next optical element is given by

— U1+1
(x) = J A~4~(f )exp [i2~ f x ]  df (13)

where A j+l = A
1
H
1
(f). Propagation is done in frequency space;

amp lification and phase transformation are done (discretel y) in c o n f i g u r a—

tion space.

The transfer function has a strong oscillatory character compared

with the relatively slowly vary ing Fourier spec trum. Since H(f
~

) depe nds
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on the resonator geometry only , H is carefully averaged using a fine

r 

mesh for  each of the discrete spatial frequencies . This minimizes

sampling errors and allows a relatively coarse mesh to be used in

computing U.

The number of poin ts used to compu te the elec tric f ie ld  is large

compared with the number of points used to represent the intensities

+ and I~ that are used in the kinetics calculations . The laser

medi um is typ ically d ivided in to 30 cells , 10 of which are assigned

to each of 3 gain sheets. This fluid resolution has been adequate to

simulate 1— and 2—meter long cavities in KrF lasers. The electric

field is underresolved even with 512 points for each optical element .

Values of N in excess of 30 ,000 are required to resolve each of the

resonator Fresnel zones adequately . The larger number of points

serves to resolve the small amp li tude , high freq uency oscilla tions in

the electric field. Since these oscillations are unimportant in power

extrac tion calculations and a relatively small N allows pred ictions

of uniform optical phase in the resonator (as expected for large

Fresnel numbers), val ues of N ranging be tween 64 and 512 have been

used in computations . Plots of intensity and phase dis tribu tions of

the fie ’’l for two typ ical calculations are presented in Section V.

The temporal advancement of kinetics and optics calculations is

treated sequentially. The kinetics variables in each of the fluid

cells are advanced over a period At while holding the cavity intensity

constant. The kinetics variables are then held constant while the

optical field is propagated . It is necessary that the laser gain does

no t change s ign i f icantly dur ing At. If At Is not controlled carefully,
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the relaxation oscillations that result from coupling the laser medium

to the radiation field can cause undamped numerical instabilities.

We have used a At corresponding to ha l f  of a photon round t r ip  in the

resonato r , although this approaches the limit of numerical stability

for a 2 meter cavity.

III. DISCHARGE MODELING

The remaining source of pump power to the laser medium , the elec tr ic

dis charge , must now be discussed in greater detail. The application

of an electric discharge can be a very efficient means of supply ing

lasing energy , but it introduces a great many d ifficulties to both

the experiment and the simulations.

The problems for simulations stem from the fact that , In the

presence of an electric discharge , the electron distribution function

is no longer Maxwellian. The rates for all those processes directl y

involving the secondary electrons accelerated in the discharge ——

ionization , excitation , attachment and recombination —— depend upon

the precise shape of the electron distribution function. Hence , a

solution must be obtained to a Boltzmann equation defining that distri—

bution function , and the relevant processes ’ cross—sections integrated

over that distribution function .

For the lasers discussed here , and indeed for most electronic—

transition lasers currently under investigat ion , it is fortunatel y

adequate to assume that the electron distribution thermalizes on time—

scales short compared to other processes of interest. In discharge—

pumped KrF mixtures , f or example , this time is calculated to be a small

fraction of a nanosecond , while typ ical chemical kinetics timesteps
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are several nanoseconds or more. Thus , i t  is adequa t e  to solve a

stead y—s tate Boltzmann formulation at regular intervals in the kinetics

calcula tion , rather than to attempt a complete t ime—dependent solution

of the Boltzmann equation in parallel with the kinetics (which would

prove to be a calculation too long to be of practical interest) .

Hence , we present here a convenient and fast procedure for solving

a steady—state Boltzmann equation to obtain quantities of interest

for laser kinetics. Experience with particular gas/discharge systems

will teach the user how often the Boltzmann routine need be called

during each kinetics simulation. In general , it is adequate to

prescribe that the routine be called whenever the electron density

(calculated by the kinetics equations), average electron temperature

(estimated) or gas temperature (calculated by the heat balance equation)

changes by 10%.

Boltzmann Transport Equation

The stead y—state Boltznann equation for the  e l ec t ron  energy

distribution function (where u is the electron kinetic energy in eV)

can be written C12]

1 IE \2 d f u  d f \  + 2m d 2 2mkT d / 2 df

~j~ \~~) 
~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+ ~~~ (u + u . ) f ( u  + u
1
)Q.(u + u .) — u f ( u ) ~~~Qj

(u)
J -l J :1

+~~~ (u - u
j

) f ( u - u .)Q .(u - U
j

) - uf(u) > Q_~ (u)  = 0 (14)
j -J ~1 j

where E is the elec tric f ield s t re ng th , N is the total gas particle

density, e and m are the electron charge and mass respectivel y, k is
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Bol tzmann ’s cons tan t, and T is the molecular temperature.

The mean molecular weight , M , is calcula ted by summing over all

the mixture components.

M = ~~~M~~G~ , (15)
n

where is the molecular mass of componen t n and G~ is its mole

fraction.

The mole—we ighted momentum transfer cross section , Q1, is cal cul ated

f r om

Q1(u) “~~~ Q~~(u) G~ (16)

while the reciprocal— mass—weighted momentum transfer cross section ,

is given by

M Q
n

( U )  Gn
Ta 

. (17)
n M

In these expressions, Q~~(u) is the to t a l  e lec t ron  momentum trans fe r

cross section for a collision between an electron of energy u and the

nth gas component.

The jth inelastic process involves an electron energy loss of u
j

and has a cross section of Q.(u), while the jth superelastic processes ,

involving an electron energy gain of u ,, has a cross section of Q~~ (u) .

The superelastic cross section is derived from the inelastic cross

section by the principle of detailed balance viz ,

u + u
Q_~ (u) = ~ Q~~ 

(u + uj ) .  (18)
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The e lec t ron energy d i s t r i b u t i o n  f u n c t i o n , f , is normal ized so

that  u½ f (u) du 1. Thus N f ( u )  du (where N is the to ta l

electron density) is the number d e ns i t y  of electrons with energies

in the range from u to u + du .

D i f f e r ence Vers ion

Taking straightforward differences of the derivative terms In

(14) , the equation can be cast easily in one—dimensional tridiagonal

form for the independent variable f:

(B — A) f
1 1  = (A + B) ~~~~ + (C — 2A) + S (19)

where the quantities A , B, C, and S are defined

(A u) 2A = ~ 

(
~ )2 _

~~1 

+ 
2rnkT 

u
2 

Q
2 

, (20)

2~ uB 
1 

(1

2 [~ 
— ~~~l] + 

2m 2 (21)

~~~~~ [2UQ 2
+ U

2
~~~~~~~~

]

c = ~~~~ [2uQ 2
+ u 2

~~~~2 ]~~ (22)

and S represents the last four summations in Eq. (14).

Assumptions , Approximations and Solution

Several types  of e l e c t ron  col lis ion processes  are considered .

S c h e m a t i c a l l y ,  these a re :

A + e -~~ A* + e ( a t o m i c  exc i t a t i on )  (23)

AB + e A + B + e (molecular dissociation) (24)
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A + e -~ A+ 
+ 2 e ( i on iza t ion)  (25)

AB + e -
~~ A + B (dissociative attachment) (26)

AB+ + e -* A* + B (dissociative recombination) (27)

A* + e -* A + e (superelastic collision) (28)

A* + B -~ B+ + A + e (Penning ionizat ion)  . (29)

Here A and B represent two atoms in the gas mixture and e is an electron .

The asterisk refers to an e l e c t r o n i c a l l y  e x c i t e d  a tom whi le  the super-

scri pt plus sign designates an ion. One may also have multiply—exc ited

states , excited from both the ground state and lower—lying metastables ;

ionization of metastables; molecular Ion processes; in short , all

poss ible  c o m b in a t i o n s  of such r eac t ions .

- . Processes  (23) , ( 2 4 ) , and (28) involve no loss or gain of e lectrons

but  onl y a r e d i s t r i b u t i o n  in ene rgy ,  and thus the c o n t r i b u t i o n s  of

these  processes  to the  e l e c t r o n  energy di s t r i b u t i o n  f u n c t i o n  are trea ted

e x a c t l y  by t h s  al g o r i t h m . The o ther  processes , ( 2 5 ) ,  (26) , (27) ,

and ( 2 9 )  involve either the gain or loss of an e lec t ron  and cer ta in

assumpt ions  are made In the treatment of these processes. For ioniza-

tion (Reaction (25)), i t  is assumed tha t  the inc ident  e l ec t ron  loses

an amount of energy equa l to the  ionizatIon po ten t i a l  of A and the

secondary electron is created with zero energy. Furthermore , the effect

of these newly created z e r o — e n e r g y  electrons on the electron energy

d i s t r i b u t i o n  f u n c t i o n  is ignored (a l though their  contribution to the

t o t a l  e l ec t ron  d e n s i t y  is ac coun ted for  by the chemical kine t ics

e q u a t i o n s ) . S i m i l a r l y ,  e l e c t r o n s  created by Penning ionization ,

process (29), are ignored as far as their effect on f is concerned but

are accounted for in computing the total electron density in the
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k i n e t ic s  e q ua t i o n s .  A c o m p a r i s o n  of the number of electrons produced

by e l e c t r o n  impact  i o n iz a t i o n  and b y Penn ing  i o n i z a t i o n  w i t h  the number

produced by c-beam I o n i z a t i o n  is made a f t e r  each run to

assure  t he  validit y of neg lecting the effect of the former electrons

on f .

D i s s o c i a t i v e  a t t a c h m e n t  and d i s s o c i a t i v e  r e c o n b in a t i o n  (processes

(26)  and ( 2 7 ) , r e s p e c t i v e l y )  i nvo lve  the loss  of e l e c t r o n s  f r o m  a

c o n t i n u u m  of energ ies but no subsequent creation at  o t h e r  e n e r g i e s .

These are t r e a t ed  in the  B o l t z m a n n  code by in c l u d i n g  an i n e l a s t i c  loss

term but no gain term .

The recursion relatIon (19) is solved by the following method .

Suppose that the energy ax i s  has  been d iv ided  i n to  I b ins , each of

width \u. Choose a small number , say 10
20

, and set f(I) — f(I-l) =

10 . Thon using (19) solve for all f(u) down to f(1). Whenever a

- 20
p a r t i c u l a r  v a l u e  a: t ( u )  bec oules  g r e a te r  t han  10 , multi p ly all values

- —20 -
c a l c u l a t e d  thus  r~~r by 10 and p r o c e e d .  When a l l  I (u)  have been

c a l c u l a t e d , no r m a l i z e  t h e  d i s t r i b u t io n  as -~p e c i f i e d .  T h i s  process

straightf rw rdlv deals with all el as ti c collision terms and with all

i ne la s t i c  t e r m s  - -— i o n i z a t i o n , ex c i t a t i o n , a t t a c h m e n t  and d i s s o c i a t i v e

r e c o m b i n a t  ion — —  which r -  cc e t u - r g v  f r o m  t h e  e l e c t r o n  gas .

~~ p~~r e las t  Ic Co il l s  ions

These i ne l a s t i c  c o l l is i o n s , a lso known as “c o l l i s i o n s  of the

se((’nd k i n d ” , cause d i f f i c u l t i e s  t o r  a s o lu t i o n  t e c h n i q u e  which moves

down the energy axis because t I i - v  s c a t t e r  t - l t - c t r o n s  up the  energy axis ;

t h u s  an i t e r a t i v e  s o l u t i o n  Is necessary . The t r i a l  s o l u t i o n  for  1(u)

Is obt i n ~ -~~ exact ly as before , Ignoring the e x i s t e n c e  of the  s u p e r e l a s t i c
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1At th is  point , approximate  values of f ex i s t  a t  a l l  g r i d  p o i n t s

al lowing an e s t ima te  of the summation involving f (u_ u
j ) In Eq .  (14) .

Several iterations are then performed to yield successively better

approximations for f . The superelastic terms are introduced partiall y

for the first iteration by multi p ly ing their contribution by ~~~~ _lO
_2 .

For each successive iteration , this multip ly ing factor is increased

until it remains at unity for the last few iterations . Typ ica l ly ,

from four to six iterations are required for convergence.

Electron—Electron Interactions

Collisional processes within the electron gas can be of great

significance in discharge—pumped lasers when the electron density in

th~ gas grows great (in excess , ro ughly, of 2 x io 14 
cm

3
) 113J . These

densities will occur when the gas is pumped hard with the discharge ,

or when the discharge is run in a self—sustained mode. Electron—electron

interactions change tile electron distribution function , t ending

to drive it toward a Kaxwellian distribution at temperature T , without

1 (llIing energy to the electron gas .

In velocity Cv) space , the electron—electron collision operator

~~ [ia], Ll5]

fdfl\ 2

~~~~Le ~~ 

~~ f
1 (v) l°(v) + !%_ (I~ + 3

~l) 
-i--s (30)

where  N = 
ff

1 d 3v , is the  e l e c t r o n  number  d e n s i t y  w i t h  f 1 in u n i t s  of

3 —6
of sec cm

II
E mv~ /2
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\ 0

o _ j.v 1 2I ~~4-Ti f x dxo j  0
0

o 4ii v 1 412 ~~~2 f  f x  dx

and

4rv f  f 1 xdx

U s i n g  a n o r m a l i z e d  d i s t r i b u t ion f u n c t i o n , f (u) u~ du 1,

t h i s  opi - r a t o r  can he r e w r i t t e n  in ene rgy  (u )  space  as

(
~

-
~
) = N ( 4 . 8 4  x lO s) ~ fl ~ u ~~~~ - 

[f (u) 10
(u)

(31)

+ -

~~~~~ 

(
~ 

+ 

~~

°

~~~) 

~
f
~]

w h e re

Uo i- -I x d x
o o

0

— l  ~ u 3 /2I _ u  I x dx
2 ‘ o

0

and

J 1 ~~~~~ f f dx •

The t cnn ~~-ibo vt Is the  r a t  10 of t he  Deh vc s c r e e n I n g  r a d i u s  to  the

i m p a c t  p ar a m e t e r  r e q u i r e d  fo r  a 90
0 

def lection of an electron in a

binar y c o l l i s i o n  w i t h  another electron. We assume C o t  is  c o n s t a n t

s i n c e  i t  varIes slowl y with N and T .  The c o n s t a n t  4 .84  x 10~~ i s

unit conversion factor wh i ~-h  i n c o r p o r a te s  Y and a I lows t h e  e l t - c  t ron
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mass to be expressed in grams .

Since this operator  e f f e c t i v e l y represents  a d i f f u s i v e  p rocess

in energy space , it will scatter electrons up the energy axis as

wel l  as down; hence , like the superelastic collision term , it must

be solved iteratively . Fortunately, the electron—electron operator

can be included in the coding along with the superelastic operator ,

in the same iteration loop: no numerical difficulties arise from

their conjunction , and whatever criteria are necessary  fo r  g r a d u a l

in t roduc t ion  of the superelas t ic  term w i l l  he more than sufficient

for the electron—electron term . Thus, although considerable extra

al gebra is added by the e l e c t ro n — e l e c t r o n  term , a d d i t i o n a l  cos t ly

iterations to the  s o l u t i o n  of f are avoided .  To be c o n s i s t e n t  in

cgs u n i t s  and en e r g y  in eV , the cor rec t  t e r m  to inc lude  in the i t e r a t i o n

is

N ’ (3 . 2  ~~io
_ 12)_½ 

(-~:~~)ee

where N is the to t a l  gas dens i ty  in cm 3 
and (

~) is d e f i n e d  by
ee

(31) ;  because of the  cons t an t  f a c t o r , the r e s u l t i n g  t e rm w i l l  have

u n i t s  cm 2 
eV
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Rate Coefficients and Transport Properties

Once a normalized electron distribution function has been cal-

culated , it is a simple matter to calculate the rate coefficients for

Inelastic kinetic processes by integrating (with , for example , Simpson ’s

rule) the appropriate cross—section over the energy range of the dis-

tribution function. Since the electron velocity, V . is given by

(
~~~)½ (32)

the rate coefficient , f o r  process  j can be computed from

k~ - Q ~ v~ = (
~

)
~ 

f  Q~~(u ) u f ( u )d u . (33)

Her e, Q~ is the appropriate c-ross—section for Ionization , excitation ,

deex citation (superelastic), attachment or recombination .

Other important transport properties of the discharge gas can

be o b t a i n e d  by s i m i l a r  s imple  i n t e g r a t i o n s .  These inc lude :

The e l e c t r o n  d r i f t  v e l o c i t y :

w = -
~
-(
~
) (~) f ( ~—) -

~~
-

~~ du (3 4)

The t r ansve r se  d i f f u s i o n  c o e f f ic i e n t :

DT 
~~~ 

(
~~

)
½ f  ~ du (35)
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The e lec t ron  m o b i l i t y :

(36)

The average e l ec t ron  energy :

= f u~~~ f du (37)

and the electron characteristic energy:

D
(38)

Power Ba lance

Once the e l ec t ron  energy d i s t r i b u t i o n  f u n c t i o n  is known , the

p a r t i t i o n i n g  of the d i s c h a r g e  power ( p r o d u c t  of d i scharge  v o l t a g e  and

current) into the various energy channels of the laser gas can be

c o m p u t e d .  The balance of t h i s  power p rov ides  a n u m e r i c a l  check on the

B o l t z m ann  e q u a t i o n  solver , w h i l e  p a r t i t i o n i n g  p rov ides  i n s i g h t  in to  the

processes responsible  fo r  l i m i t i n g  or e n h a n c i n g  laser e f f i c i e n c y .

The e l e c t r o n s  gain  ene rgy  by b e i n g  a c c e l e r a t e d  in the app l ied

e l e c t r i c  f i e l d . The r a t e  of g a i n  of e l e c t r o n  energy per u n i t  volume

is EJ D EeN e 
w , where  is  the  d i s c h a r g e  cu r r en t  d e n s i t y .  Some of

this energy is transferred to the gas particles through the several

types of collisional process. The rate of transfer of energy per unit

volum e fo r  a p a r t i c u l a r  b i n a r y  process , p ,  i n v o l v i n g  the  c o l l i s i o n  of

an e lec t ron and a p a r t i c l e  desi gnated b y subscr ipt j is

= N N ~ (-
~

) f  AE . Q~~ 
u f du (39)
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where Q~ is the cross section for process p, and ~~~~ is the average

electron energy lost in the col l is ion . The energy t r a n s f e r  ra tes  for

specific electron collisional processes of particular interest are

shown in Table I .

Externai Circu~~~~~~ p~~~~

When s i m u l a t i n g  an existing laser experiment , the measured

t emporal  w a v e f o r m  of the discharge voltage , V
D
(t). Is used as an inpu t

parameter to the code. However , when the code is ope ra t ed  in a pre-

d i c t i v e  mode , one must be able to compute the time history of by

c o u p l i n g  t h e  e x t e r n a l c i r c u i t  parameters  to the d i scha rge  k i n e t i c s .
-

~ The method  for achieving this coup ling is described here by con-

sidering , as a particular example , the circuit is shown s c h e m a t i c a l l y

in  F i g u r e  3. This c i r c u i t  con t a in s  th ree  e l e m e n t s  w i t h  p r o p e r t i e s

(capacitance , inductance , and resistance) which remain constant in

time and a fourth element (the laser discharge) having a time—vary ing

impedance  which  depends on the  o the r  t h r ee  c i r c u i t  e l e m e n t s , the dis-

charge  k i n e t i c s , and the ex t e rna l i o n i z a t i o n  source.  The d i s c h a r g e

impedance , Z
~~

, can be expressed as ,

Z D = 
I 

= 
N Aew 

(40)

where V
D 

is the  p o t e n t i a l  ac ross  the  discharge , I is the current In

the circuit , w is the electron drift velicity (Eq . (34)) and d and

A are the discharge gap length and area , respectively.

If one selects three Independent variables which describe the LRC

ci r c u i t  of F igu re  3 to be the  d ischarge  cur ren t , I , the d i scha rge
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vol tage , VD~ 
and the time derivative of the discharge current , dI/dt

(De f ine  G d I / d t) , then  t h r e e  d i f f e r e n t i a l  e q u a t i o n s  invelving these

var iables may be der ived in a st ra ightforward manner by app l~-ing

Kirch of f ’s laws to the LRC circuit:

dV I dN 1D C e 1
= - 

~~
— 

w] ~~~~~~~~~~~~~~~~~~~~~~~~~~~ , (41)
e 0

( 4 2 )

= C .  (43)
dt

The following relationshi p between the c u r r e n t  and the  d r i f t

v e l o c i ty  was used in d e r i v i n g  e q u a t i o n s  (40)  and (4 1) :

I J
0 

A e w N A , (44)

w h e r e  J
0 

is the discharge currt -nt densit y . The t ime  r a t i . - of change ,

dN / d t , of the  e l e c t r o n  d e n s i t y  i s  determin ed f r o m  t h e  solution chemical

k i n e t i c s  equa t i ons .

Since  e q u a t i o n s  (41)  throug h (43) art - a set of coup led f irst

orde r  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s , they may be a p p e n d e d  t o  the  set of

chemical kinetics equations and solved using the same a l g o r i t h m .

Thus the k i n e t i c s  i n t e g r a t o r  keeps  t r a c k  of (and r e q u i r e s  s t a r t i n g

values o f )  I , d I / d t , and V D .

The e l e c t r o n  d r i f t  v e l o c i t y  and hence  i t s  d e r i v a t i ve  with respect

— to discharge voltage , dw/dV
D
, depend mai nly on V

D
. They are coup led to

the particle kinetics through their weaker dependence on t ractional

8(~
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excitation and ionization but this effect was tested and found to be

small enough to ignore fo r  the p resen t  purposes .  This neg li g ib le

dependence allows the circuit equations to be merged into the set of

chemical kinet ics  equations and solved on the same time gr id  along

with the latter without frequent calling of the time-consuming Boltzmann

equation solver . A. table giving the functiona l dependence of dw/dV
D

on VD Is generated I n i tia l l y  for  an average e s t i m a t e d  f r a c t i o n a l excited

s ta te  density and ion dens i ty  and f o r  the  range  of V
D 

expec ted in a

given simulation. This table is then i n t e r p o l a t e d  to o b t a i n  the  va lue

of dw/dV~ required during the kinetics/circuit integration.

The absolute value of E/N ( vD
/Nd ) is fed in to  the Bo lt z mann

transpor t equat ion solver when r equ i r ed  to compute  an up da ted  e l e c t r o n

energy dist r ibut ion f u n c t i o n .

The power , and the en ergy , E
D
, deposited in the laser gas

by the discharge are compared with the laser power and energy output

to determine intrinsic laser efficiency . These quantities are given by,

PD = V D I and ED = f V D I d t .

Obviously,  this  procedure  can be a d a p t e d  to accommodate  an

external circuit of arbitrary topology simply by deriving the appropriate

set of d i f f e rent ial  equations analogous to Eqs. (41) — (43) .

IV. OUTPUT AND DIAGNOSTICS

A well—calibra ted laser kinetics code may be used , like any other

s imula t ion  code , as a design aid to p r ed i c t  the p e r f o r m an c e  of var ious

system parameters. The code may ac tua l l y be more u s e f u l , howeve r ,

for stud y ing experiments t h a t  have been pe r fo rmed  t h a n  fo r  p r e d i c t i n g
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the results of f u t u r e  e x p e r i m e n t s .  The easy access ib i l i ty  of v i r t u a l ly

every singl e physical parameter , many of which canno t be measured

d i r e c t l y  (and are costly and t ime—consuming to measure i n f e r en t i a l l y ),

is what  makes such a code an i n v a l u a b l e  tool  in unders tand ing  comp lexly

i n ter a c t i v e  system s, such as the rare gas—halide lasers. It is important ,

then , t h a t  one ’s o u t p u t  p a r a m e t e r s  be c a r e f u l l y  designed to prov ide

the  most u s e f u l  i n f o r m a t i o n .

Assuming tha t  a s t a n d a r d  o u t p u t  i n t e r v a l  has been es tabl i shed

as a small  f r a c t i o n  of the  e n t i r e  pulse  l eng th  (pump + laser + after—

glow), several quantities are of obvious interest: radiation parameters

( I n t e n s i ty , energy  r a d i a t e d , f l u o r e s c e n c e , ne t  gain , t o t a l  absorp t ion) ;

p lasma p r o p e r t i e s  and powe r b a l a n c e  (as d e f i n e d  in S e c t i o n  I I I ) ;  and

the i n t r i n s i c  or “ loca l”  e f f i c i e n c y  of the pump process. This last

is d e f i n e d  as t h e  laser  energy r a d i a t e d  d i v i d e d  b y the  t o t a l  energy

depos i t ed  in the  gas , and can be c a l c u l a t e d  by summing a l l  the excita-

tions , ionizations , and heating caused by the e—beam and discharge.

Three other e f f i c i e n c y  q u a n t i t i e s  are of interest. The creation

e f f icien cy (number of upper laser levels f ormed d ivided by number of

ions made) ; the radiation efficiency (number of laser pho tons prod uced

d i v i d e d  by number  of upper  laser  levels  fo rmed) ; and f l uores cence y ield

( p r o d u c t  of the  p r ev ious  two) .

For e—bea tn sustained discharge—pumped lasers , several other

q u a n t i t i e s  are of i n t e r e s t .  Most frequentl y used is the discharge

“enhancement”, which is defined (by convention) as power deposited

by the  d i scha rge  d i v i d e d  by power depos i t ed  by the c—beam . Again , this
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quan tit y can be cal cula ted exac t ly, since the precise number of

d i scharge—induced  exc i t a t ions  and Ionizations Is known; it is u s ef u l ,

for  purposes of comparison , to calculate and display the standard

approx ima tion to discharge enhancement , viz ,

J~~~~E
-

~ 
= 

D (45)
Approx C

AYNA —V ’(c11’1
1 m)

in

where and E are the  d i scha rge  c u r r e n t  dens i ty  and field respectively,

C
A 

is the average energy per ion pa i r , y is the  a t t a c h emn t  ra te , NA 
is

the number density of attaching species , and n
1 

and are the total

number densi ty and i o n i z a t i o n  p o t e n t i a l  fo r  ions of species m formed

by the discharge . The ionization rate ratio (the ratio of instantaneous

values of the rates of ionizations driven by the discharge and ioniza-

tions dr iven by the e—beam) can also be of particular interest; when

this ra tio passes abou t .3, the discharge is heading for instability .

F inal ly , the metastable loss rate ratio (number of metastable atoms

ionized d iv ided  by number of me ta s t ab l e  atoms forming the upper laser

level)  can also be a u s e f u l  measure  of discharge performance.

The ac tual temporal variations of the species number densities

and their rates of change —— printed intermittently and plott ed on a

semi—log scale at the end of the pulse — —  are invaluable raw data ,

onl y a small frac tion of which can actually be measured in any par tic ular

experiment .

Also of par t icular  val ue in analyzing the impor tan ce of var ious

kine t ic processes is the d isp lay of the total contribution to each

species ’ formation and dep letion of each of the reactions which affects
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t h a t  species.  W i t h  t h i s  da t a , one can decide prec isel y which of the

competing energy paths dominates the laser performance. One can also

decide at a glance which reaction rates need to be known precisely

and which can be treated with order—of—magnitude estimates.

V. RESULTS

We present in this section representative results of simulations

of two different lasers , krypton—fluoride (KrF) and xenon—f luoride

(XeF), done with two different codes.

Two KrF simulations are summarized in Table II to demonstrate

the high accuracy with which these methods can reproduce experimental

results. Some of the excellent ag rt - t T n e i l t  between simulation and experi—

merit shown here must be regarded as f rtuitous , if only because some

of the measured data are infor u t ial. However , th~ sc simulation

results are not chosen because they are the closest vet obtained: they

are in fact representative . Similar accuracy has been obtained in

simulating many other KrF laser experiments performed at Maxwell

Laboratories , Inc., AVCO Everett Research Laboratories , and Northrop,

and in simulating kinetics and absorption experiments at the same

p laces and at Stanford Research Institute.

Some of the general features of KrF lasers run at room temperature

can be observed in these results. The total energy dens ity was

relatively low —— about 2 joules/liter in experiment 1 and about 1

joule/liter in experiment 2 —— because the e-hcam currents were low and

because experiment 1 was run a t  I atmosphere total pressure. At total

pressures of a b o u t  2—2.5 atmospheres and c—beam cu rr e nt densities
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10 Amps/cm
2 or more , one can p roduce  10 joules/liter reliabl y; harder

pumping can more than double this number , but at severe penalties in

local e f f i c i e n c y .  The local e f f i c i e n c y  of exper iment  1 ( — 8%)

is r e p r e s e n t a t i v e ;  values of 10—1 2% can be o b t a i n e d  wi th  r e l i a b i l i t y

in c—beam pumped lasers. Discharge—pumped efficiencies are In fact

typ icall y lower , th ough by a factor of about 1.2 , rather than the

factor of 2 illustrated by these experiments.

Typical results of one—dimensional ph ysical optics resonator

simulations are shown in Figures -~ and 5. In each figure , the top

drawing shows the distribtuion of intensity across the beam incident

on the output mirror of an unstable confocal resonator; the bottom

drawing shows the phase d is tribution across the beam . Figure 4 is

from the simulation of an e-heam excited laser at AVCO Everett Research

Laborat~~ries . Th e cavit y length wao 1 meter , with 71% output coup ling ;

the c—beam current density w a s  11.5 Amps/cm
4
, and the 1.2 atmosphere

gas was p artition ed 97.5 Ar /2 .3 Kr!.2 F
2
. Figure 5 shows results of

an optics simulation of experiment 2 in Table II. The flat phase

distribution resulting in both calculations is a gratif ying result.

More detailed versions of these and other simulation results ,

with extensive interpretation , may be found in (1iJ

As an example of XeF modeling, results of a simulation of an

c—beam—controlled XeF laser are compared with experiment [l~~ in

Table III. For these calculations , the measured c—beam current

and discharge voltage waveforms were used as input to the code.
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The predic tions of laser performance agree within experi-

mental error . The slightly high values for optical output

may be explained from the incomplete treatment by the model

of d i rec t  fo rmat ion  and m i x i n g  (by heavy particles and electrons)

of the B and C s t a t e s  of exci ted  XeF. De ta i l ed  s tud ies  of

the role of the C state in XeF lasers have been carried out

fo r  c—beam pumping  [17] but the e f f e c t  of d i scharge  electrons

(possibly i~’creased mixing) in XeF B— and C— s t a t e  k ine t i c s  is

not  yet  w e l l  unders tood .

Curves showing the computed temporal  evo lu t ion  of selected

l a se r—med ium components  for  the  XeF laser model of Table III

are p l o t t e d  in F igure  6. The pump pu lses  (c—beam and sustainer)

for this simulation are switched on at a t ime corresponding to

zero on the abscissa of Figure 6, have a 100 ns risetime and

are cut off at 1200 ns.

The curve labeled “hv
L
” is the number density of intracavit -c

laser photons traveling along the laser axis. The buildup time

of 200 ns for the laser flux agrees well with the experiment.

Note the drop in XeF* density when the laser flux begins to build

up towards saturation . The curve for NeXe
+ 

is shown since for

these cond itions it is the main precursor of the upper laser

lev el , XeF*.

For long—p ulse rare—gas—halide lasers it has been observed

that the pulse duration over which one can obtain high efficienc y

Is l i m i t e d  by the onset of discha rge i n s t a b i l it y .  Some i n s i e h t
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into the mechanism for the instability onset is apparent from

Figure 6. The steady rise in electron (e) density during

the pulse is shown from the kinetics calculations to be due

to a steadily declining electron loss rate caused by depletion

of the electron attacher, NF3
. The dashed curve in the figure

indicates an NP3, a depletion of about a factor of two for

the conditions modeled here.

The increase in ionization rate accompanying the rise

in electron density, when coupled with a reduced attachment

rate caused by NF
3 
depletion, tends to drive the discharge

toward instability . Both the experiment and the simulation

show that the discharge remains stable for the complete 1200 ns

pump pulse at 160 J/9. total energy input . However , for an

E/N value only 10% higher than that used for the experiment

of Figure 6, the model shows a faster than exponential rise

to an unrealistically high electron density before pump cutoff

and, in agreement, the experiment shows a discharge arc resulting

in a rapid drop in discharge impedance and premature termination

of the optical pulse.

VI. CONCLUSION

None of the individual techniques described here is parti-

cularly novel. But the careful interworking of them has produced

a predictive capacity of unprecedented precision in high—powered

lasers, and made significant contributions to the developments

of these lasers. These results were obtained not by concentration
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on sophisticated numerics, but by close cooperation with experi—

mentalists while both codes and lasers were being developed .

In fact, conscientious efforts were made to keep the numerics

the simplest that could be made to do, so that experimental

uncertainties were always greater than computational ones.

In such a hybrid model the chief difficulties one must be

conscious of arise not from subtleties in the numerical

approximations themselves, but from inconsistencies (qualitative

and quantitative) in the fusion of many physical assumptions.
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ELECTRON-BEAM-CONTROLLED XeF LASER

Both ex per imental 1 and model ing 2 studies were undertaken during

the past year to determine whether an electron-beam-controlled XeF laser

would have any advantage over an electron-beam- pumped XeF laser for

large-scale systems . We have been able to obtain comparable output

— 
powers and efficiencies from both systems experimentally. The signifi-

cant difference between the two pump ing schemes be i ng that the op t imum

pressure of operation for the e-beam-control led XeF laser was 3 atmospheres

as compared to 5 atm for the e-beam-pumped XeF laser. On the basis of

joules per liter-atm extracted energy , this represents an i mp rovement

of — 7O~. Under optimum laser con d itions , laser enhancements of 3.2:1

can be ach ieved in an a pplie d elec tric f i el d wi thout sacr i fic i ng overall

efficienc y. In this mode of operation , 75 - of the input energy to the

gas is supplied by the sustainer. These results indicate that, for com-

parable energy loading of the foil , the elec tron-beam-controlled XeF

laser is capable of generating - 4 times the average output power density

than is the electron- beam-pumped XeF laser. This can be achieved at

comparabl e efficiency .

The most sensitive pa rameter for maintaining maximum output power,

efficienc y, and sta b le operation i s the concentrat i on of NF3.
Extens ive numerical modeling using a time-dependent computer code

has been conducted on the e-beam-controlled XeF laser in conjunction with
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the experi ments mentioned above . Excellent agreement between calculated

results and measurements were obtained for both laser output and discharge

stability .

The effect of the concentration of NF3 on the stability of the

discha rge in Ne/Xe/NF3 mixtures was investigated computationally for

pump pulses in the microsecond range and it was shown that a significant

depletion of NF3 can occur at high pump-energy loadings for long pulses.

Fi gure 1 shows computed number densities of selected species for an e-beam

controlled XeF laser in which 120 J/l pump energy is supplied by the

sustainer and 40 J/l is supplied by the e-beam. The gas mixture is

Ne/Xe/NF3 
= 99.7/0.225/0.075 wi th a tota l pressure of 3 atm and the

pump pulse duration is 1.2 .isec. Note that the NF3 concentration is

reduced to one-half its initial value after 1 ~sec . In this attachment-

domi nated discharge , the electron density (“e ” curve in Fig. 1) con-

tinually grows throughout the pulse as the main electron loss process

(dissociative attachment to NF 3) diminishes wi th the depletion of NF3.

After sufficient depletion of the attaching species , the growth rate of

the electron density inc reases rapidly with time and discharge instability

occurs.

Discharge instability has been observed experimentally and has been

calculated by the model for slightly (~ 10%) higher applied electric

fields and for sli ghtly longer pulses than the conditions of Fi g. 1.

For large energy loading, a hig h electron density is required and thus

high discharge enhancement lasers operate near the limi t of discha rge

stability .
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Characteristics of the electro n-beam-controlled XeF Iaser~
L. F. Champagne and N. W. Harns~~

Nawal Rewoech l.ahe.u,on’. Washington, 0 C JiU ‘5
(Receiscd I May tq78 accepted for publication 13 May tQ~8i

- 4  Output power and efficiency for e-beam-~oniroIled operation ah,ch in comparable to c-beam-pumped
operation in reported Unde, optimum condittons laser enchan~ements if 1 2 I can be achiesed in the
presence of an applied clectnc h eld at an overall efficiency of — I $“ ~- In this mode of oper*tion greate r
than “° ~ of t he input energy to the gas in supplied by the susta iner The concentrat ion of NE 1 is the
moat ienn,i,ve parameter (or mainiainmg minimum output power . efficiency, and ntabte operanon

PACS numbers 42 55 Hq. 42 60 By. 42 60 Da

Eff icient long—pulse operation of the c—bea m — puiiipi’d Xci-’ lase i with the e— beam — pun pi’d I i — i ’  r f i r  the gene—
XeF laser has been detiionstrated. —‘ The ii,.,’ of neon rat ton if I — ,. s,’~’ optic at pu ls es . Si nit lar output powers
In place of arcozi has been show,, to reduce s ignificantly (2. 8 J I) and ef f ic te nctes ~1. B ~) w ere  obtained . How—
the transient optical absorption in the laser medium with ever , the ol)tin,uni pre~~ ur.’ s a~ 3 at to rather than 5
consequent ni’ reas,-s in eff ic iency and output Ixis’er. l i i i ’  used in the e— bean i—puiiipi ’d s V s li’ifl . Under these

- c o , .littii,is 7 5 .  of the i-iii-rcv input to the gas was sup—Scaling of c—beam-pumped lasers to high averag e plied by the sustainer.powers is liniited liv ineff ic ienci es in e—be ani generation , -

electron energ y loss atid subsequent heating of the ,‘lec- i’ii.- esperit iiental .i1ipa r.itii-., which has been de-
tron—beti m window (foil), and ii in spm’ l O l l  in V t ’  r s I iii if si ribed in detail prey iou s lv, I i of a I — ii act ive
the electron energy into des ired excited st ilt ’s , length las.- r chamber wi th a 2 .2-cm optical aperture .

I- r e— beani— coot r i  lIed iperat ton a c al)ac Itor hank was
By - ontrast , e—b e am — - introtled lase rs  iif f, ’r both the coii nected lii the las,’t ’  anod,’ by i i e ,iIi~~ if a liressuriied

pron i i se if converting electron energy direct ly iii ti , 
~~~ ~s it  1’h . The itch prt’vi-nted .1 tV elect rtc I teld

preferred •-s~ it ed t .,t i ’s where i i i ,-l of the iii i’ rg’i iS tro u t f i t - i  Ic .sp~>l ted to Ib,’ l.iser g.t in I he abs ence of an
deposited in to the gas by the disc ha rgi’ a,td avoid the •‘ iii ron beau ,. In .iddt t ion , a .ipa - it ‘t’ s as at  ta r hed to
inefficiencies i t  e— bt’ .ini produi’ tion and trans u t  ~~~~ the Ii s, r iii id. ii, reduc e liii ’ t II ic,’ It ,iitc.’ caused by

In this paper we discuss Iii,’ operating charac t e r i s t i c , -  (he i’ l , -c t t ’ in beam . Flies,’ pre i- .tutioris ise r.’ ,,‘~~ i’s sdrV

of the ,‘— b ea i , i—i — iuif rolleif X .’F l , i—. ’ r ,  We h i t  been ,ible is even sm _i ll i- li ri f ie ld .iIipIieii I i  the laser gas ,
to couiupa re — t a h i t i ’  iil,i.r.it .ii if liii’ i’ — beam— ’ ‘itt r lt.’d iii t h e  .ib ,i’iii i- ii adi’qu.it f u lfil puniping. would re-

sult in pre itiatu cc breakdu is n. iii.’ current generated in
thu , las,’r cc. by the applied ,‘lei’I n c  h eld n a —  t ,iuinttored

in ru t~ Ii ‘sIt . 
by a Pear s itu c urrent t r,sut- .li ir itt.’ r and the f ield its elf

Si t ’ ri ’ — i - u i u u . Iih- u . — l,,,i l’h~ ‘i t ’ .r lu.,i-it iu n, I , l i I i i i i~t . ,ii “I ,. iiu ’ ...u ru’ ,i by a vi i lt ,igi’ dts’ i hu- u’ r i ,nit,-cted di rect l y
i t  i i : , ti  It t ,— has,’i’ i l l- s i ,  - Fhe i i h i t i t ’.j I i’ i t _ tu - .i,-t , ’ r ish it - ,. of the
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3 5 i  - electric f ields . Operat iout at the higher t’ lec(ri,- fieldsP - 22W 1066 u ,.. ~s /
pau

’ 
co~,cspinMa1,or, / caused optical pulse distortion ~s the gain and output

6 .  ‘0 ” MOItCUIES ,ur, i / power rose rapidly during the pulse. In, extre me 5 3 ,- e s .
30  

~3 
the optical pulse s-as ternuinated t)V ay arc ,

/ • Its conclusion , we note that the e-beanu-co it( rollt’ d
- 

- - XeF laser is capable of more than, three ttu s ies (he
/ - 

- average output power density (h-an Is the pure e-be~~nt-
4 putiuped XeF laser. Efficiencies are ccuiuipanable . Th.-

/ !~~~,L connection between peak output power and tun s i  length
o r is titore cout ip lucated , depending not only uix.un (lie knti~ ii2 - 

- 
u relationship between pulse length arid current dettsi t v

/ 
— - 

‘/  • 2 of niodern dec  tront gum s” ~ but at s it UlSili Itt,- .uddi (ii unit
- concentration of halogen d unor utuui tecu les n,’ecfed to

- 
- 

- I 
coiutpens-ate for their dep letion during th.’ pulse .1 Hos- —

- - - / 1 ever , these relationships are known arid nay be used to
/ / .~ design XeF lasers for very hugh power levels .
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ABSORPTION EXPERIMENTS RELEVANT TO THE XeF (B-X) LASER

The use of a probe laser whose output wavelength is known exactly

has lead to the first observation of a narrow band absorption at one of

the XeF (B-X) wavelengths . Ne* may be the absorbing species.

Previous work1 showed the presence of a hi gh transient optical

absorption in ArJXe/NF 3 laser mixtures. The substitution of neon for

argon as the diluent gas was found to significantl y reduce this absorp-

tion .2 At the same time , ab m i-t b calculations led Stevens to propose

as the domi nant absorber .3 In Ne/Xe/ NF3 mixtures laser performance

was observed to be limi ted by the amount of xenon which could be added .

For xenon concentrations > — .2% transient absorption attributed to Xe2
”

limi ted laser performance.4 In this work we are once again attempting

to improve the XeF laser performance through a better understanding of

absorption processes whi ch occur in e-beam irradiated discharges. The

scope of the present work covers absorption at 4 amagats Ne at 200,

150°C as a function of % Xe, % NF3, A near XeF A , and current density .

The one meter e-beam device’ used for room temperature work was

modified to opera te at 150°C. A cross sectional view of the mod i fied

laser chamber is shown in Fig. 1. Two stainless steel plates were added

to thermally insulate the monel laser chamber. Stripline heaters were

attached to the upper and lower surfaces of the laser chamber. An

argon ion laser was used to probe the di scharge . The argon ion laser
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provides a line at 3511.13 ~ which is close to the room temperature

XeF lines , 3510.8 ~~, doublet at 3511.5 ~~, and 3512.6 The closeness

was demonstrated by a gain measurement of -. 1.0%/cm (at a current density

of 7 A/cm2 at room temperature). Thus the uni que wavelength of the

-
~ argon ion laser makes this laser a better probe laser than an XeF laser.

Table I and Figures 2-4 present the data collected wi th the use of

the argon ion laser at 3511.1 ~ and other selected wavelengths. In

addition , some data was taken wi th an XeF probe laser. Fig. 2 shows a

strong narrow band absorption at 3511.1 ~ in pure Ne. Previous work in

Ar suggested a broad band absorpt i on and it was assumed that the absorp-

tion in Ne would also be broad band. The discovery of this narrow band

absorption suggests that laser n’odell ing at 20°C should be performed on

individual laser lines rather than l umping the lines together . A can-

d i da te absor ber is Ne* (3s-4p) at 3510.72 ~~ .

Other data in this section was obtained to provide a better under-

standing of the magnitude of absor p tion as a func tion of temperature ,

composition , and pump i ng current density . The reduced absorption illus-

trated in Fig. 2 and 3 at 150°C explains at least some of the improved

laser efficiency at 150°C. The intrinsic efficiency was measured to

increase from 2.0% to 4.5%. Fig. 3 provides data which could be used

to extrapolate to higher current densities . Table I gives some data

on Ne/NF 3 mixtures. Al together we have the beginning of an absorption

data base to allow better assessment of the XeF (B-X) laser.

References

1. L. F. Champagne , J. G. Eden , N. W. Harri s, N. Djeu and S. K.

Searles, Appl . Phys. Lett. 30, 160 (1977).

116

L - --_ ‘
~~~~ T 1 .  ~~~~~

‘-~~~J ~~~ - - —  -~~-~~~- - -~~~~~~~ - - ~~~~~~~
- - -



_ _ _  - 
- - -

~~ 

I

2. W . S. Wat t, L. F. Champagne and N. W . Harris , 7th W inter Colloquium

on Quantum Electronics , Park C i ty , Utah (1977).

3. W. J. Stevens , 7th Winter Collquium on Quantum Electronics , Park

City , Utah (1977).

4 . L. F . Champagne and N. W. Ha rris , Appl . Phys. Lett . 33, 248 (1978).

5. J. Goi dhar , J. Dickie , L. P. Bradley, L. 0. Pleasance , Appl . Phys.

Lett . 31, 677 (1977).

117

- --—-rn-n--.-— — - . - —--- -- - -- ----



-- 
- - - _______ ,— — —

TABLE I. SUMMARY OF ABSORPTION MEASUREMENTS

TAKEN AT 4 AMAGATS

- 

GAS TEMP . ABSORPTION

3511 .1 3507.4 3637.8 3378 A°

- 
, 

Ne 20°C 2.6 .2 0.6 0.6
150 0.55 <0.1

Ne/Xe 20 0.35 -0.2 -0.2
99.5/0.5 150 < .1

Ne/NF1 20 0.5 .13m u 

99.935/0.065

I
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Fig. 1. Cross sectiona l view of the laser cell
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Fig. 2. Absorption in pure Neon at 7A/cm2
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E-BEAM SUSTAINED MERCUR Y-HALIDE LASERS

Despite similarities in molecular con figuration s, mercury-halide

lasers have not matched the rare gas-halides in efficiency . In order

to further explore the experimenta l possibilities with the goal of

improving the operation of the mercury-halide lasers , the following two

experiments were undertaken. The f i rs t  experiment invest igated the use

of )°~~~~~~r
2 

in an e-beam sustained dischar ge. Of course , the use of HgBr2

avoids the problem of possible prereaction of Hg with the halogen

donor. The second experiment was designed to assess the importance of

t h i m  prereaction problem when using meta l l ic  Hg.

1. [-Beam Sustained Di ,~~~~~e Studies Using ~~Bri

A few grams of HgBr 2 crystals in two ceramic boats were placed

inside the discharge chamber of the 40-cm-long e—beam device .~~~ The

chamber was operated at a temperature of - 150°C to produce a HgB r2

vapor pressure of - 3 torr . The blue-green fluorescence output was

optimized while the discha rge excitation conditions and Ar/N 2 concen-

trations were varied . For a g i ven m i xture , it was foun d that the

fluorescence efficiency increased with discharge E/N in the range of

2 to 4 x iO~~
6 V cm2. The highest E/N ratios were obtained at the low-

est values of e-beam current density (
~ 0.1 A/cm

2) consistent with main-

tam ing discharge stability . Although use of N2 concentrations higher

than lO~ allowed higher E/N ratios to be obta i nable without arc i ng , the
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fluorescence efficiency was found to decrease.

Var i ous susta i ne r conf ig ura ti ons were used i nclud i ng pulse  form i ng

networks (pfn) approximately matched to the discharge impedance ( - 1 .
~).

However , the use of a pfn did not p revent the occurrence of di schar ge

arcs but only served to limit the pea k current in the event that an

arc occurre d.

The max imum fluorescence efficiency measured using Ar/N2/HgBr2 mix-

tures was - 0.16 . Addit ion of a few torr of Hg va por to th i s  m i xture

caused the fluorescence efficiency to decrease.

The maximum laser  ou tput was - 3 mJ us i ng a l6~. transmiss ion output

mirror. The ac ti ve volume wa s - 30 cm 3 giving a specific laser outpu t

of - 0.1 3/liter. The discharqe energy input was - 225 3/liter giving

a conversion efficiency of - 0.04 . The energy input from the e-beam

was negligible.

For comparison , the fluorescence eff ic iency of a XeCl laser  mix ture

was measured using the same setup. The fluorescence efficiency using

only e-beam exc i ta t ion was - 10 and the discharge eff iciency was - 0.8’.

2. Mercury-halogen Ground -state Reaction Study

An important ques ti on to be answere d concern ing the opera t ion of

HgX (X = Cl , Br , I) lasers start ing wi th metal l ic  mercury and the

molecular halogens is: ‘ How fast do the constituents react with each

other in the ground state?t’ The specific question to be answered here

is: ‘Is the halogen concentration severely depleted by prereact ion

with mercury vapor (or with the chamber walls) before the excitation

can be applied? ’ To answer this question , an opt ical  a bsor pt ion tech-

nique was used to monitor the concentrations of Cl 2 and Br2 i n the
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presence of metallic Hg both at room temperature and at a laser opera-

t ing  temperature of 150°C. To assure a saturated Hg vapor pressure , a

ceramic cruc ible containing severa l cm 3 of Hg was p lace d w i t h i n  the laser

dischar ge chamber. At 150°C, the Hg equilibrium concentration is

- 6 .4 x 10 16 cm ’3 . A halogen concentration of 1.74 x io 17 cm 3 in an

ar gon di luent  was use d . These concentra t ions  were fo u n d to be near

optimum for HgC1 laser operation. All tests were conducted at 1 atm

total pressure in order to obviate effects of possible leaks.

A chopped white light source was monitored through the 65 cm long

optical path of the laser chamber with a monochromator -photomultip lier

(PM) combination. The PM output was fed into a lock -in amplifier and

then into a strip chart recorder .

The Cl 2 concentrat ions were monitored using a narrow wavelength

region centered at 350 nm , and for Br2, a narrow region centered at 420

nm was used . After passivations , the measure d room temperature opt i cal

absorptions agreed well with published data (cf. Photochemistr,y~, Cal-

vert & Pit ts , pp. 184 and 226). As shown in Figs. 1 and 2, the dis-

appearance of the halogen was a very slow process at room temperature .

It ha d also  been de term ined , in preliminary tests without mercury in

the chamber , that both halogen half -lives were ~ 3 mm at 150°C . So

thus , althou gh reactions with the chamber walls are important , they are

not a limiting factor.

However , as seen in Fig. 1 , at a chamber temperature of 150°C and

in the presence of Hg vapor , Cl 2 had a half- l i fe of only ~ 1 minute .

More im portant is the initial rapid reaction of Br2 with the available
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Hg vapor as seen in Fig. 2. The dashed curve portions correspond to

the few seconds it takes to open a valve to admit the halogen-argon

m ixture to the chamber. The missing Br2 concen tration corresponds

closely to the initially present Hg concentration. After the initial

cleanu p, the Br 2 concentration cont inues to fall with a half -life of

? 2 mm after the first ha l f-minute. This latter rate probabl y corres-

pon ds w it h tha t of add i t i ona l  Hg vapor becomin g a v a i l a b l e  ou t of the

reservo ir. In summary , the g roun d state reac ti on of m e t a l l i c  H g w it h

molecular  Cl 2 is relatively slow , bu t with mo l ecular Br2 i s extremely

fast.

Th e ra p i d cleanu p of molecu la r  Br 2 ex p l ai ns the low f luorescence out-

put obtained from the e-beam sustained discharge. This information also

serves to exp l a i n  the qui te  d if feren t resul ts obt a i n e d i n the uv pre-

ionized discharge system . To rev i ew these results : the best halogen

donors were found to be the dihal ides of mercury . However , i t was

foun d tha t molecular  brom i ne a l so  worke d qui te  well , but molecular

chlor ine did not. It is apparent now that the molecular bromine reacted

w i th the ava i la b le mercur y va por to form the d i h a l i d e  wh i ch was then

dissoc iated in the discharge to form the HgBr B-state.

To further test this theory , molecular  Br 2 was used in the e-beam

susta ined system with the same excitation conditions as were used for

HgBr 2 mixtures, i .e., with e-beam current densit ies of 0.1 A/cm2.

Indeed , it was found that the fluorescence output starting with

mol ecular Br2 and metallic Hg was then comparable with the results

starting with crystalline HgBr

Since the reaction of Cl 2 with Hg is not as rap id , the quest ion
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still remains as to why our efficiency results are not as high as those

reported by Maxwel l and AVCO. We intend , however , to restudy the

Hg + Cl 2 system under flowing conditions and also to try l ower e-beam

currents . We will also try Kr as a diluent gas because its use will

avoid the Penning reaction between metastable Ar and Hg which may be

responsible for premature discharge instabilities.

Inc identa l l y , the detrimental effect of N2 on the Hg * + Cl 2 system

can be understood now with the recent measurements by Wodarczyk and

Harker at Rockwel l on the reactive quenching of metastable Hg (6 3P0)

atoms by molecular chlorine . They determined the quenching cross-

section to be 28 and that the HgCl (B2~,
’
~) state is formed in onl y

1% of the reactive collisions . Thus , the Hg (3P0) state is much less

effective than either the (3P2
) or ( 3P1 ) states in forming the HgCl(B)

state , even though the reaction is also exothermic. Since Hg (6 3P1 )

atoms (and probably (6 3P2) atoms as well) are rapidly quenched by

nitrogen to form the (6 3P0) state, less of the HgC1(B) state is formed.

Reference
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PHOTOLYTIC PUMPING OF RARE GAS-AND MERCURY HALIDE LASERS

Several diatomic molecules which radiate in the ultraviolet (UV)

or vacuum ultraviolet (VUV) have excellent fluorescence efficiencies

(>10%) bu t operate poorly as lasers. For some time now it has been

recognized that these radiators are potentially efficient optical pump

- - - sources for UV and visible lasers. In fact, one of the prime candidates

for the laser driver for a thermonuclear fusion reactor has been the

Se(~S 
-.- 

1D) laser wh i ch is pumped by photo di ssociat ion of OCSe by Xe2
1 *fluorescence.  The Xe 2 excimer was chosen as the optical source due to

the large fluorescence efficiencies (-50’) projected both experimentally 2

and theoretically 3 for this molecule. During the last eight months ,

NRL has been invest i gating the possibility of using rare gas excimer

fl uorescence t~ photolytically pump rare gas- and mercury-halide molec-

ular lasers. There are several attractive aspects of this pumping

techn iqw’. particularly for DARPA applications:

1) The pumping quantum efficiency is high due to the large

RG 2 fl uorescence efficiencies and the selectivity of the excitation

mechanism;

2) The high pressure pump region is physically separated from

the re1 -~t ivel y low pressure active medium . Therefore,the operating para-

meters for both the pump and active medium can be optimized separately ;

3) The low pressure of the active medium (~ 
1 atm) may ease
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the acoustic problem s (shock waves) that are normally encountered in

high power , hig h pressure gas lasers ;

4) The active medium is el ectron free and so upper laser level

population losses due to collis ions with electrons will be eliminated ,

and

5) Photodissociative pumping may reduce the optical absorption

of the active med ium due to the small number of fragments produced by the

excitation process .

Figure 1 is a schematic diagram of the pumping process used to

create XeF *(B) molecules by photodissociati On of XeF 2. Upon absorbing a

VtJ V pho ton , an XeF 2 molecule i s ele ctron ica lly ex cited to an uns table

XeF~ state which rapidly (< 1 ns) dissociates , forming an XeF(B) molecule

and an F atom fragment. Due to the strength of the XeF-F bond and the

7.2 eV energy of a 172 nm photon , the XeF(D) + F exit channel is inacces-

sible to the photodi ssociation process. For this reason , the quantum

efficiency for producing XeF (B) molecules by ~flJ\/ photodissociation of

XeF 2 has been es ti ma ted by Brashe a rs an d co-workers 4 to be unity .

Figure 2 shows the experimental apparatus used to study photo—

dissociative rare gas- and mercury-halide lasers. A 450 keV , - 1 kA-cm 2

beam of electrons is used to transversely excite 5000 Torr (- 6.5 atm)

of xenon gas which is contained in a cylindrical steel cell. A Suprasil

qu ar tz tube , whi ch has a transm i ss i on of - 85~ at 172 nm, is positioned

along the axis of the xenon steel cell. Therefore , the Xe 2 VUV ra di at i on

produced in the outer jacket enters the quartz tube , photo lyzinq 0.5-3

Torr of XeF2. Severa l hundred Torr of He are also admitted to the quartz

tube to equilibrate the XeF vibr ational manifold.
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The XeF (B X) spontaneous and laser emis sion spectra obtained from

this device are shown in Fig. 3. Dominant fluorescence originates from

the low-lying v = 0 and 1 levels although some emission out to 330 nm is

observed . When high reflectivity dielectric mirrors are positioned

around the quartz tube , laser osc i l la t ion is achieved as shown in the

l ower two traces of Fig. 3. It is also evident that by varying the He

background pressure , one has control over the dominant laser l ine and so

a small amount of l ine-tunabi l i ty is ava i l ab le .

The quantum efficiency of the XeF photodissoc iation laser is

I [
~

- (351nm )/h-(l 72nm)] 24%

where the f luorescence ef f ic iency of e-beam exci ted Xe 2 molecules is

taken to be 50 . In the future it is planned to investigate the

efficiency obt -i inab le in this devi ce , possibly using cylindrical e--heam

excitation to r i c ~rp un ifornl y irradiate the xenon gas. By varying the

output coupl~ n~ o f the laser resonator and using N20 calorimetry to

accurately neasure the Xe2 radiative enerqy incident on the XeF 2, the

efficiency and absorption processes affecting the perf or -~ance of this

laser may be ascertained. Studies of the relaxation of various XeF(B)

vibrational levels could also be conducted by photolyzing XeF 2 at low

pressure.

A similar approach has been used to obtain lasing in the green from

the HgC1 mo l ecule. The laser spectrum (shown in Fig. 4) differs from

the high pressure e-beam pumped Ar/Xe/Hg/CC 14 experimen ts in that the

558.4 nm line (corresponding to the v = 1 v ” = 23 trans i t ion of the

B X band) dominates over the usual 557.6 nm transition.

133

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - 
- 

—~~~‘ ~~~~~

The same experimental apparatus was used to determine the HgCl

(B -* x )  radiative transi tion probability. To do this , HgC l 2 was

irradiated by ArC1 175 nm spontaneous emission and the radiative decoy

* *of the HgCl fluorescence was recorded . As shown in Fig. 5 , the HgCl

population decayed exponentially over several time constants . By

plotting the exponential decay constant (for a given [Hgcl 2j ) versus

the HgC1 2 concentration (cf. Fig. 6), the HgC1 *(B) radiative lifetime

was determined to be 22.2 ± 1.5 ns .

The results ach ieved with the HgCl laser suggest that a photo—

d issociative HgBr * laser pumped by Xe2 radiation may be possible. Such

a laser may be line-tunable over a limited wavelength range in the

b lue- green .

E-Beam Pumped 11 8 Metal -Halide Gas Mixtures

In our report of April , 1978, we descr i bed the com plet i on of th e

first stage of a program to determine the feasibility of obtaining lasing

on the B - X ban d of the cadmium an d z i nc-ha l id e mo l ecules . Intense
* *Cd And Zn emission had been obtained from e-beam pumped Ar/Xe/Cd (or

Zn) mixtures where the metal va por comprised - 0.1-0.5°- of the total

m ixture pressure. These results were in agreement with the close coin-

cidence between various energy level s of Xe* an d Xe 2 an d exc i ted states

of Zn and Cd. It was suggested that this energy transfer mechanism could

lea d to ZnX or CdX lasers more efficient than the already demonstrated

HgC l an d HgBr systems .

Since that ti me , a wide range of experiments in Ar/Xe/Cd (or Zn)/

halogen donor gas mixtures have been conducted . A new oven and laser

cell , wh i ch are shown schemat ica l ly  in Fi g. 7, were constructed to
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enable metal vapor pressures up to severa l hundred Torr to be obtained.

The oven enabled operation up to 700°C to be rea di ly achieve d and the

main feature of the heated cel l is that the windows were re-entrant and

the la b a i r on the exterior face of the w i n dow coul d be evacua ted to

el i m i nate metal condensa ti on on t~ie window.

The result of these exper iments is that al though lane concen tra-
14 15 -3 *3 * 3tions (10 - 10 cm ) of Zn ( P) or Cd ( P) could be created by rare

gas-metal energy transfer , formation of the desired metal halide molecule

was not demonstrated . Apparently, the pre-reaction problems that have

been encountered at - 200°C i n HgCl laser m i xt u res are much more severe

(as would be expected ) at the 400 - 700°C opera ting tempera tures

encountere d here. Pre-react ion is so fast that even with flowing the

gas mix ture , no molecu la r  em i ss i on was observa b le . U pon remov i ng the

halo gen donor (such as CC1 4) from the gas stream , the metal atom i c

emission again became strong. A wide variety of halogen donors were

tested i n an unsuccess ful a ttempt to f i n d one w i t h a ha lo gen bon d stron g

enough to withstand the high temperatures.

For th i s reason , we have begun to look a t seve ral d i a tom ic metal

va por molecules whe re mercur y i s one of the a toms com pos ing the molecule .

In par ti cu l a r , the purpose of the project is to determine the feasibility

of populating (in e-beam excited gas mixtures) a low-lying metal vapor

exci ted state that is connected to ground by a strong optical transition.

In the presence of a large (10 19 - 1020 cm 3) background Hg concentration ,

this fast atomic transition should be perturbed strongly by the forma-

tion of a bound diatomic molecule. The reason for investiga~~ng such

s/stems is to find a bound-free (dissociative) laser system with a
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re lat ively large sti nwlated emission cross-section. The d issociat ive

mo l ecules un der stu dy by DOE , for ins tance , such as Cd I-lg have stimu—

-
~ la ted emission cross-sections on the order of lO

_ 19 cm+2.

One of the prime candidates to be studied is the magnesium -mercury

molecule. Al though not shown in Fig. 8, the 1 P level of Mg is connec ted

to ground by a resonant transition at 285 nm. Perturbation of this level

by Hg could result in bound-free emission for A>32O nm in the UV. The

em i ss i on p rof i le of thi s mole cu le  woul d be homo geneousl y broa dene d an d

thus an idea l candidate for a tunable laser. To pump the MgHg* excited

state , it is obvious that the N2(A) state vib ra ti onal man i fol d overla ps

various Mg excited states . Therefore , Ar /N 2/Mg gas mixtures may be

effective in efficiently populating these levels which are , in turn ,

optically connected to the 
‘1
P1 state.

In conclusion , photolytic pumping of the XeF and HgC1 lasers has

been demonstrated. Studies of the potential efficiencies and limita-

tions of these lasers are ongoing. Also , al though s pon taneous em i ss ion
* *from the ZnX and CdX molecules in e-beam excited Ar/Xe/Zn (or Cd)/

halogen donor gas mixtures has not observed , an oven-laser cell combi na-

tion that is ideal for the study of severa l meta l molecules has been

construct ed and tested.
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PUMPING SCHEME

- XeF2 (IO
~ q~7~u )

-8  
XeF ( D)  + F

- 6  ~~~~~XeF ( B) + F

17 5 n m
- 4  Pump 351 nm

- 2  XeF (X )  + F

XeF2 (~~~)
Fig. 1. Partial energy level diagram for XeF 2 and XeF showinq the VUV

photodissociation of XeF 2 into XeF(B) + F.
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FLUORESCENCE
2 Torr XeF2 -

~700 Torr He 
~~

LASER ~2 Torr XeF2 -_—~
_
~~~~~J~-L’~U

700 Torr He 
-
~ 

-

400 To rr H e

I I 
~~~~~~~~ 

y 
u

320 330 340 350 360

Wavelength (nm)
Fi g. 3. Spontaneous emission and laser spectra for XeF2 photodissociated

by Xe; fluorescence. By adjusting the He background pressure

(from 400 to 700 Torr shown here) limited line tunability of

the laser can be ach ieved .
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HgCI2
T=400°K
[HgCI2] 2 1016 cm 3
[He] ~ 6 - 1018 cm 3

,~~~~~~~~~~

I I I
500 520 540 560 580

WAVELENGTH (nm) 
*— Fig . 4. Spontaneous and laser emission spectra for the HgCl molecule

- 
again photolyzed by Xe2 emission. The dominant laser line is the v~ =

1 -
~ 

v -~ = 23 tranSitiofl0f the B -
~~ X band at 558.4 nm.
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* *Fig. 5. Temporal dependence of ArC1 (175 nm) and HgC1 (558 nm)

*fluorescence waveforms . The exponential decay of the HgC1
*trace can be used to determ i ne the HgC1 radiative lifetime .
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Fig . 8. Partial energy level diagram for magne sium showing the

possibility of N2(A) Mcl
* ener gy transfer  an d forma ti on of

the dissociative MgHg molecule.
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THE POSSIBILITY OF A RgO H LASER

Intro du c t ion

Unsta ble chem i cal spec i es have often been observe d for the f i r s t

time in matrices at cryogenic temperatures. An example is XeF which

was detected by means of electron sp in resonance i n a s ing le  crysta l of

XeF 4 i rrad i ate d at 770K ( l )  More than one decade later the fluorescence

of exc ited XeF and similar compounds was reported in the gas phase .(2 3)

Shortly after the fluorescence data was reported , laser emiss ion on

excited XeF and similar compounds was published .~
4 5

~ Recently,

excited rare gas hydoxides (RgOH *) were reported for the first time . (6)

These species we re observed in emiss i on at 4 .2°K i n a ma tr i x .  In t h i s
*paper we report an attempt to observe RgOH in fluorescence in the gas

phase . We have a lso  exam i ned the poss i b i l ity of a RgOH laser . A
*RgOH laser is of interest because the laser transition is bound-free

and in the v is ib le  region of the spectrum .

App roach
( 1 )  * * *Goodman and Brus presented data on ArOH , KrO H , an d Xe OH

*We selected XeOH for study because it emits over the range 380-500 nm

where absorption by excited states is relatively unimportant .~~
’
~ Two

*complete mechanisms for the production and decay of XeOH are given

in Table 1 . The basic idea of the two mechanisms is the efficient vuv

photolysis of H20 to yiel d OH(A) which combines with Xe to form XeOH .
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This idea contrasts with recent work where xenon excited states were

al lowed to react wi th H20 to form a more highl y excited XeOH

spec ies. (8)

In the photolysis mechan i sm, vuv rad ia t ion  i s genera ted by the

elec tron beam excitation of Ar , steps 1 and 4 (see Table 1) followed by
n -
i. * *collision processes 2, 3, 5 leading to Ar 2 , Ar 2 emits vuv radia tion ,

step (6), which is absorbed by H20, step (7), or which escapes the cell ,

step (8). Steps 7-8 were evaluated assuming an optical path length of

1 .0 cm which is representative of the shortest dimension of our laser

exc itation cell. In order to obtain reasonable yields of Ar2 it is

necessar y to cons id er onl y m i xtures wi th  low concentra tions of Xe an d

1120. Consequently, the 011(A) from the 1120 photolysis is expected to

react with Ar , step (8), as an i n termed i ate to for m in g XeOH v ia  ste p

*10. The XeOH decays by step 11 . Steps 12-18 represent unwanted side

reactions whi ch are to be avoided by the choice of the gas mixture .

The mec ha ns im was ev a l ua t e d by means of a com pute r code (9) j~
which the initial concentrations were chosen to favor the photolys’i s

mechanism and avoid quenching reactions. The el ectron beam current

wi s chosen to be renresentative of the NRL gun - 500 A/cm 2 of 500 K’!

electrons. Sam ple computer-drawn plots are g iven in Fi gs. 1 and 2.

Both f i gmjres show that high concentrations (1015 
- 1016 ) of Xe OH are

possible under the given experim ental cond itions.

We also evalua ted a second experimenta l arrangement . In this

ar rangement the e-beam gun is used to pump a compartment filled with

the high Dressure Ar gas. The l 28nm fluorescence from the excited Ar
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radiates into an adjacent compartment filled with a low pressure mix—
- :  ture of Xe an d H20. This arrangement eliminates some unwanted side

reactions but does not utilize the fluorescent emission as efficiently.

Our computer analysis of this arrangement showed no clear cut advantage

between the two arrangements. The steps modelled by the computer are

given in Tabl e 1 , part 2. The steps are similar to those in Tabl e 1 ,

part 1, except for the steps involving the radiation and absorption of

the 1 28nm l ight. It was assumed that only 5.2% of the emission passed

through the Xe-H2O compartment.

Exper imental

A limited number of experiments were carried out. (The results

are presented in a qual i tat ive manner. (Because measurements were not

extens ive.) The first set of experiments involved e—beam pumping~
5
~

of Ar-Xe-1120 mixtures similar to those indicated in Figs. 1 and 2.

Moderate levels of OH(A-X) em ission were observed showing that high

concentrations of 011 (A) were present in the gas. Moderate OH(A-X)

emission shows the presence of high OH(A) concentration because the

rad iative lifetime is —l p s(lO). Other researchers have reported high

OH(A) concen trations resulting from e-beam excitation of Ar-H20 mix-

(11 12) *tures . ‘ Emission from XeOH at wavelengths longer than the

OH (A-X) waveleng th was sought but not found . Additional experiments

were done wit h Ar-Kr-H20 mixtures but once aga in OH(A-X) emission was

observed without observation of KrOH emission.

There are a num ber of possibilities for the non-observation of

*RgOH emission. Two of these possibilities are rapid quenching of

* * *

ArOH or XeOH by Ar or a slow formation rate of XeOH . These
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possibilities were eliminated in a second set of experiments patterned

after the mechanism in Table 1 , Part 2. The experiments used a cell

with two adjacent compartments optically coupled by three L:F windows

1 cm wide by 4.5 cm long by 0.1 cm thick. The e-beam pumped compart-

ment was filled with 2500-3500 torr Ar while the coaxial cell was

filled with 2000 torr Xe or Kr plus 3 torr 1120. Once again , OH(A-X)

emission was observed but no RgOH emission was observed .

Conclusion

In spite of the negative experimental results , we s t i l l  speculate
*that a RgOH laser could be made under the appropriate conditions.

*These conditions might be lower temperature operation where RgOH

woul d be more stable or reduced Xe pressure in the two compartment

apparatus to avoid quenching .
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TABLE ‘I , Par t 1

Mechanism and Rate Constants
for XeOH * Formation by Direct e-beam Pumping

Step Rate Constant Reference
+ +1. A r + e  ‘.Ar + e + e  l .OE-l7 a

2. Ar~~+ 2Ar ‘
~ Ar 2

’
~ + Ar 2.3E-31 b

3. Ar2 + e -
~ Ar + Ar l.OE-7 c

4. Ar + ~ Ar + e 3.05E-l8 a

* *5 . Ar + 2Ar Ar2 + Ar 6.OE-33 d

6. Ar 2 
-
~ hv(l28nm) + 2Ar 2.OE+8 e

7. hv(l28nm ) + 1120 011 (A) + H 2.43E-7 g

8. hv (128nm ) hv(escaped ) f

*9. OH(A) + Ar + Ar - ‘ .  ArOH + Ar l.OE-30 h

* *10. ArOH + Xe XeOH + Ar l.OE-9 i

11. XeOH h ,-(440nm) + XeT 011(X) l.OE+7 j

12 . Ar: + H20 Ar + H20 5.OE-1O

13. Ar + Xe ‘ Ar + Xe * l.8E-lO 1

14. Ar 2 + Xe - Xe + Ar + Ar 3.OE-1O

15. A r2 
+ 1120 OH(A) + H + 2Ar 5.OE-l0

16. 011(A) + H20 
- OH(x) + 1120 2.OE-lO o

17 . ArOH + H20 
. OH(X) 1120 

+ Ar 5 .OE-lO p

18 . XeOH 
~ 

1120 
- 011(X) + 1120 

+ Xe 5.OE-1O q
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TABLE 1 , Part 2

~
Mechanism and Rate Constants

for XeOH Formation by Indirect e-beam Pumping

Step Rate Constant Reference

-1~ + -
~19. A r + e - n -~Ar + e + e  l.OE- 17 a

20 . Ar ’
~~+ 2Ar + Ar2~ + Ar l.OE-31 b

21 . Ar 2 + e + Ar + Ar l.OE-7
+ *22. Ar + e -

~ Ar + e 3.05E-18 a

23. Ar* + 2Ar - Ar 2 + Ar 6.OE-33 d

24. Ar2 
-* hv (128nm) + 2Ar 3.18E7

25. Ar 2 - h (128nm , Nc) + 2Ar l.68E8

26. hv(128nm) + H20 
-
~~ OH(A) + H 2.43E-7 f

27 .  hv(128nm)  - hv(escaped ) g

*28. 011(A) + 2Xe -* XeOH + Xe 1.OE-30 h

*29. XeOH - hv(440nm) + Xe + OH(X) l.0E7 j

30. OH(A) + H20 -* O H ( X )  + H20 2.OE-l0 o

31 . Xe OH + H20 + O H(X)  + H20 + Xe 5.OE-l0 q
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References for Table 1

a . Effective rate constarttsderived from the product of the NRL current

density times the energy loss rate of 400 key el ectrons in Ar. Further

information can be found in S. K. Searles and G. A. Hart, A ppl . Phys .

Lett . 25, 79 (1974).

b. W. F. Liu and 0. C. Conway , J . Chem . Phys. 62, 3070 (1975).

c. Estimated value. —

d . J. LeCa l-~e and M . Bourene , J . Chem . Phys . 58, 1446 (1973).

e. Estimated value for the transition probability . Emission spectrum

available from 0. Chesnovsky , B . Raz , an d J . Jortner , Chem . Phys . Le tt .

15 , 475 (1972).

f. Value calculated from the H20 absorption coefficient , J. G. Calvert

and J . N. Pitts , Jr. , Photochemist,!y, Wiley & Sons , Inc ., (1966) p. 200

an d an assumption that the reaction products are 011(A) and H. The

assum ption is supported by work reported in L. J. Stief , W. A . Payne ,

an d R. Bruce Kl emm , J . Chem . Phys . 62, 4000 (1975).

g. Computer code assumes that hv (l28nm) escapes the cell if hv (l28nm)

is not absorbed in one centimeter.

h. Es timated value. True value  i s almost cer ta in ly  l ower than this

value.

i. Es t imated va lue .

j .  J. Goodma n and L. E. Brus , J . Chem . Phys 4858 (1977).

k. Estimated value from inspection of Table II , Ref. 1.

1. L. G. Piper , J . E. Velazco , and 0. W . Setser , J . Chem Phys . 59 ,

3323 (1973).
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m . A . Gedanken , J . Jortner , B . Raz , and A . Szoke , J . Chem . Phys. 57,
‘ 
3456 (1972).

n. Estimated value.

o. 0. Kl ey and K. W. Welge , J . Chem . Phys . 49 , 2870 (1968).

p. Estimated value.

q. Estimated value.

r. The emission from Ar2 with its transition probability of 2x108

was divided into radiation which enters the Xe-1120 compartment an d

radiation which misses the Xe- H 20 compartment.
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WAVELENGTH CONVERSION STUDIES

Attempts were made to Rama n convert the output of KrF laser in
— 

Ca vapor to 545 nm. The KrF laser used produced a beam of about 50 mJ

in 23 nsec and was less than 10 times diffraction limited. This output

was focussed i n to a Ca heat pipe oven conta ining about 10 torr of the

meta l vapor. No Raman emission was observed , althoug h a three -level

gain calculation performed earl ier indicated that sufficient gain should

have been present under the experimental conditions. The failure to

observe the Rama n signal is attributed to the inadequacy of the three-

F level model . In deed , deta i led calculat ions by Rescig no 1 showed that

i nter ference amo ng a la rge num ber of i n terme di ate sta tes mus t be con-

sidered .

As a resul t, our efforts have been directed towards a search for

other metal vapor converters for the rare gas halide lasers. Several

promising media have been found when the XeC1 laser was used as the pump .

The most notable of these is Pb vapor , i n whi ch t he XeC 1 out put has been

shifted to 485 nm with 50% energy efficiency. Details of these experi-

ments can be found in reference 2
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